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ABSTRACT 

A m a t e r i a l s  test and  evaluation  program was conducted t o  inves t i -  
g a t e   t h e   c o m p a t i b i l i t y  of s e l e c t e d   m a t e r i a l s   w i t h   t h e   a l k a l i n e  

TRW Carbonation C e l l  System. 
and   ac id   e lec t ro ly te   envi ronments   o f   S tages  I ,  I1 and 111 of t h e  

Stage I and  Stage I1 o p e r a t e   a t  175OF with  a 30 weight   percent  

composi t ions   a re  0.5 pe rcen tca rbon   d iox ide   w i th   ba l ance   o f   a i r  
concen t r a t ion  of p o t a s s i u m   c a r b o n a t e   a s   t h e   e l e c t r o l y t e .  The gas  

for  Stage I and 57 percent   carbon  d ioxide   wi th   ba lance  of oxygen 
for Stage 11. Stage I11 o p e r a t e s   a t  195OF with a 38  weight 
pe rcen t   concen t r a t ion  of s u l f u r i c   a c i d   a s   t h e   e l e c t r o l y t e .  The 
gas  composition of S tage  I11 is 79 percent   carbon  dioxide  with 
balance  of  oxygen. 

Me ta l l i c   ma te r i a l s   and   gaske t   ma te r i a l s  were eva lua ted   fo r  com- 
pa tab i l i t y   w i th   t he   ope ra t ing   env i ronmen t s  of t h e   t h r e e   s t a g e s .  
Matr ix   mater ia ls  were eva lua ted   fo r   t he   ac id   e l ec t ro ly t e   env i ron -  
ment of Stage 111. 
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FOREWORD 

The  research  described  herein, which was conducted by the  Mechanical 
Products  Division of  TRW Inc., was performed  under NASA Contract 
NAS  3- 10930. The work was done under  the  technical  management of 
Mr .  Meyer  Unger,  Direct  Energy  Conversion  Division, NASA-Lewis Research 
Center. The report was originally  issued as TRW Report ER-7131- 10, 
May 1968. 
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I 

CARBONATION CELL MATERIALS COMPATIBILITY 

by N. P. Bannerton, D. L. DeRespiris, and J. W. Vogt 

SUMMARY 

The ob jec t ive   o f   Con t rac t  NAS 3-10930 w a s  t o  select metallic, 
gaske t   and   ac id   e l ec t ro ly t e   ma t r ix  materials compat ib le   wi th   the  
environmental   exposures i n   t h e  TRW Carbonation C e l l  System. 

The  program  consisted of a l i terature survey, a pre l iminary  
screening  test  and   envi ronmenta l   t es t ing  of selected  samples  t o  
be used as (1) metallic materials ( e l e c t r o d e  substrates, ce l l  
s t r u c t u r a l  components) f o r   t h e   a l k a l i n e  (K2C03) and  acid ( H z S 0 4 )  
stages, (2) e l e c t r o l y t e  matrix materials f o r  t h e  ac id   s t age   on ly ,  
and  (3)  gasket materials f o r   t h e   a l k a l i n e   a n d   a c i d   s t a g e s .  

Metallic Mate r i a l s  

The metallic mater ia ls   review  and  screening  consis ted of a survey 
of metallic e l e m e n t s   i n   t h e  Periodic Table  and  estimation  of 
t h e i r   s u i t a b i l i t y  from a cor ros ion   s tandpoin t  using Pourbaix 
diagrams. A p re l imina ry   s e l ec t ion  of candida te  materials 
resu l ted   f rom  th i s   rev iew.  These  ma te r i a l s  were then  
e lec t rochemica l ly   sc reened   us ing  a po ten t io s t a t i c   t echn ique  for 
de te rmining   cor ros ion   of   the  metallic mater ia l s .  The f i n a l  l ist  
of metallic materials for   the  chemical   immersion tests w a s  then  
made based   on   t he   r e su l t s   o f   t he   po ten t io s t a t i c   s c reen ing  tests. 
The s e l e c t e d  materials w e r e  as   fo l lows:  

S tage  I ( K 2 C 0 3 )  Platinum,  Zirconium 

Stage I1 ( K 2 C 0 3 )  Platinum,  Zirconium,  Titanium 

Stage I11 (H2SOQ) Tantalum 

Material   samples were t h e n  subjected t o  chemical  immersion t e s t s  
under the  following  environmental   exposures:  

Staqe Temperature Electrolyte Gas Composition 
(OF) Type Concentrat ion 

I 17 5 K2C03 30 wt % 0.5% C 0 2  B a l .  Air 

I1 17 5 K 2 C 0 3  30 wt 96 57% C 0 2  B a l .  O2 

111 19 5 H 2 S O 4  38 wt 46 79% C 0 2  B a l .  O2 



The gas  compositions were s p e c i f i e d   o n l y   f o r   t h e  metallic 
materials chemical  immersion tests. 

The mater ia l   samples  were sub jec t ed  t o  meta l lurg ica l   examinat ions  
a f t e r  immersion per iods   o f  200, 400,, 600 and 1000  hours t o  de te r -  
mine  any  chemical or physical  changes.  X-ray d i f f r a c t i o n ,  
emission  spectroscopy  and  e lectron  microprobe tests and 
metal lographic   examinat ions showed  no ev idence   o f   me ta l lu rg ica l  
changes  and  only  minute  evidence  of  build-up  of  corrosion  layers.  
This  was evidenced by t h e   a p p e a r a n c e   o f   t h i n   f i l m s   i n   t h e  l G G G  
hour test  samples. The f i l m   t h i c k n e s s e s  were e s t i m a t e d   i n   t h e  
region  of  one  micron  based  on  the  electron  microprobe tests. 

The conclusion drawn f o r   t h e  metallic m a t e r i a l s  test i s  t h a t   a l l  
ma te r i a l s   s e l ec t ed   fo r   t he   immers ion  tests were s a t i s f a c t o r y  for 
t h e   c o n d i t i o n s   s p e c i f i e d .  

Acid  Matrix  Materials 

The ac id   ma t r ix   ma te r i a l s   eva lua t ion  was i n i t i a t e d   w i t h  a review 
of t r ade   j ou rna l s   and   manufac tu re r s   l i t e r a tu re .  The m a t e r i a l s  
considered  included filters, ba t t e ry   e l ec t rode   s epa ra to r s   and  
porous  mats. A l a r g e  number of the   mater ia l s   rev iewed were found 
unsu i t ab le   fo r   u se   w i th   su l fu r i c   ac id   because   o f  some of t h e  
f o l l o w i n g   c h a r a c t e r i s t i c s :   n o n - c o m p a t i b i l i t y   w i t h   s u l f u r i c   a c i d ;  
l o w  sof tening  temperature;   hydrophobici ty   and low bubble 
pressure .  

Two m a t e r i a l s  were se lec ted   to   undergo   the   cor ros ion   immers ion  
tests, i . e . , R e f r a s i l   ( a   s i l i c a  mat)  and TA-1 (a  microporous 
t e f l o n ) .  The environmental test condi t ions  above were used  for  
t h e  chemical  immersion tests. The materials were a l s o   e v a l u a t e d  
fo r   bubb le   p re s su re   and   e l ec t ro ly t i c   r e s i s t ance .  

R e f r a s i l  was c o n s i d e r e d   t h e   b e t t e r   m a t e r i a l   f o r   u s e  as t h e  
e l e c t r o l y t e   m a t r i x   f o r   t h e   a c i d   s t a g e   p r i m a r i l y   b e c a u s e   o f  t h e  
hydrophobic   propert ies  of the TA-1 mat. R e f r a s i l  w a s  found 
v i r t i : a l l y   i n e r t   i n   s u l f u r i c   a c i d .   I n i t i a l l y  the bubble   pressure 
of , . > i r a s i l  (2 .9  i n .  Hg)  was s ign i f i can t ly   l ower   t han  the TA-1 
mat (13.8 in.. Hg) , however, t h e   v a l u e   f o r   R e f r a s i l   i n c r e a s e d  by 
approximately 26% ove r   t he  1000  hour tes t  per iod  while  the TA-1 
mat value  decreased by approximately 24%. The e l e c t r o l y t i c  
r e s i s t ance   da t a   ob ta ined   were rega rded   a s   no t   t ru ly   r ep resen ta t ive  
or  meaningful  because  of  the  broad  range  of  values  recorded. 
This  w a s  a t t r i b u t e d  t o  t h e  wide v a r i a t i o n s   i n   d e n s i t y   o f   t h e  
R e f r a s i l  and t o   t h e  non-uniform  dewetting  of  the TA-1 m a t .  

Gasket  Materials  Evaluation 

A n  extens ive   rev iew  for   gaske t   mater ia l s  was conducted  and  in- 
cluded a review  of  manufacturers  data  and  recommendations. From 
t h e  list of   candidate  materials, t h r e e  were s e l e c t e d  fo r  t h e  
actual   chenucal   immersion  tes t ing,  l e e . ,  Ethylene  Propylene  and 
Kel-F for   the   a lka l ine   s tages   and   Vi ton   and  Kel-F f o r   t h e   a c i d  
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s t age .  The s e l e c t i o n  w a s  based on the  p o t e n t i a l .  abil i t ies of 
t h e s e  materials t o  withstand  physical   and  chemical   degradat ion 
and t o  m a i n t a i n   t h e i r   s e a l i n g   p r o p e r t i e s  for periods i n   e x c e s s  of 
1000 hours. 

Samples of each mater ia l  were tested f o r   p e r i o d s   o f  2 0 0 ,  500  and 
1 0 0 0  h o u r s   i n   t h e   e l e c t r o l y t e s  as  l i s t ed  above. The tes t  program 
provided   for   measur ing   changes   in   phys ica l   p roper t ies   inc luding  
weight ,   th ickness ,   compress ib i l i ty   and   permeabi l i ty  t o  n i t rogen .  

The weight  changes  observed  for a l l  s a m p l e s   i n   b o t h   t h e   a l k a l i n e  
a n d   a c i d   e l e c t r o l y t e s  were almost n e g l i g i b l e  - less than  one 
percent .  Kel-F d isp layed  almost i d e n t i c a l  decrease i n  
compress ib i l i t y  for t h e  same tes t  du ra t ion  €or b o t h   e l e c t r o l y t e s .  
E t h y l e n e   P r o p y l e n e   i n   t h e   a l k a l i n e   e l e c t r o l y t e  showed a s l i g h t  
ga in   i n   compress ib i l i t y   o f   app rox ima te ly  1.5 percent   while   Viton 
i n  t h e  acid e l e c t r o l y t e  showed a dec rease   i n   compress ib i l i t y  of 
about  4.0 percent .   Permeabi l i ty   values ,   however ,   in  most cases 
were more widesp read .   In   t he   a lka l ine   e l ec t ro ly t e ,   E thy lene  
Propylene   exhib i ted   the   g rea tes t   change  ( 1 2  x l o 2  percent )  w i t h  
Kel-F  showing a decrease  of approximately 30  pe rcen t  €or t h e  1 0 0 0  
hour test pe r iod .   In  t h e  acid e l e c t r o l y t e ,   b o t h  Kel-F and  Viton 
exh ib i t ed  a c y c l i c   p a t t e r n  €or t h e  2 0 0 ,  5 0 0  and 1 0 0 0  hour 
samples. The 500 hour  samples showed an   increase   over  t h a t  a t  
t h e  200 hour tes t  and  both  mater ia ls   then decreased t o  
approximate ly   zero   permeabi l i ty   a f te r  t h e  1 0 0 0  hour t e s t  pe r iod .  

Because  of t h e  h igh   i nc rease   i n   pe rmeab i l i t y  of Ethylene  Propy- 
l e n e   a f t e r  1 0 0 0  hour t e s t ,  Kel-F i s  considered t h e  bet ter  choice 
f o r  t h e  a l k a l i n e   e l e c t r o l y t e .  Kel-F and  Viton were both 
f avorab le   pe r fo rmers   i n   t he  acid e l e c t r o l y t e .  A s e l e c t i o n  based 
c h i e f l y  on t h e  r e s u l t s   o b t a i n e d  would f avor   V i ton   fo r   t he  ac id  
e l e c t r o l y t e   b e c a u s e  of t h e  small change i n   c o m p r e s s i b i l i t y .  
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1.0 INTRODUCTION 

The f e a s i b i l i t y  of the   t h ree - s t age   e l ec t rochemica l   ca rbon   d iox ide  
c o n c e n t r a t o r   c a l l e d  a Carbonation C e l l  System,, w a s  demonstrated 
under  Contract N o .  NAS 3-7638 by TRW Mechanical  Products  Division 
(formerly TRW Equipment Laboratories Div i s ion ) .   S ing le  cells of 
the  three-s tage  Carbonat ion C e l l  System were tested under   the  
program  and materials degradation  problems became evident   wi th  
long  t e r m  tests. Corrosion of metallic components  and 
degradat ion of t h e   a c i d   s t a g e   m a t r i x  were t h e   l i m i t i n g   f a c t o r s  t o  
t h e   l i f e  tests conducted  during  the  program- The i n i t i a l  test  
data obtained showed t h a t   t h e   C a r b o n a t i o n  C e l l  System  has 
e x c e l l e n t   p o t e n t i a l   w i t h   t h e   s a t i s f a c t o r y   s o l u t i o n   o f   t h e  
materials problems. 

The o b j e c t i v e  of t h i s   c o n t r a c t  was t o  provide   the   necessary  
screening  and tes t  programs to  gene ra t e  data f o r   t h e   s u b s e q u e n t  
s e l e c t i o n  of materials compatible w i t h  the environmental  exposure 
c o n d i t i o n s   e x i s t i n g   i n   t h e   d i f f e r e n t   s t a g e s  of  the  Carbonation 
C e l l  System. 

Samples of t h r e e   t y p e s  of mater ia l s ,   v iz .   meta l l ic ,   mat r ix   and  
gaske t  were tes ted   under   th i s   p rogram t o  eva lua te   compa t ib i l i t y  
with t h e  environmental   exposure  condi t ions  found  in  t h e  e l e c t r o -  
chemical cells  of t h e  TRW Carbonation C e l l  System.  The 
Carbonation C e l l  System  which  concentrates  carbon  dioxide  from 
a i r  uses   both  a lkal ine  and acid e l e c t r o l y t e s   f o r   t h e   c a r b o n  
d ioxide   concent ra t ion   process ,  The a l k a l i n e   e l e c t r o l y t e  cells  
p r imar i ly   a l low  the   concen t r a t ion  of C02 and O2 from a i r  and t h e  
a c i d   e l e c t r o l y t e  cells  i n  t h e  last  s t a g e   p e r m i t   t h e   s e l e c t i v e  
s e p a r a t i o n  of O2 from the   concen t r a t ed  C02  gas   mixture .  The 
composition  of the gas  stream a t  t h e   c a t h o d e   o u t l e t  of t h e  acid 
s t a g e  i s  e s s e n t i a l l y   p u r e  C02. 

The tes t  program c o n s i s t e d  of  examination of samples of t h e  
va r ious  materials i n   t h e   " a s  received" condi t ion  and  then 
expos ing   the   samples   to   the   envi ronmenta l   condi t ions   for   vary ing  
test per iods  up t o  1 0 0 0  hours. The o b j e c t  was t o  i d e n t i f y  t h e  
onse t   o f   phys i ca l   and /o r   chemica l   changes   i n   t he   d i f f e ren t  
materials and,  through  periodic  examinations t o  determine rates 
of  change f o r   p r o p e r t i e s   s u c h  as: corrosion  f i lm  formation. ,  
weight ,   res i s tance ,   permeabi l i ty ,   compress ib i l i ty ,  etc. 

The metallic materials which were selected f o r   e v a l u a t i o n   i n   t h e  
t h r e e   s t a g e s  were as follows.  Platinum  and  Zirconium were tested 
a t  the a l k a l i n e   S t a g e  I exposure  conditions  and  Platinum., 
Zirconium  and  Titanium were t e s t e d  a t  t h e   a l k a l i n e   S t a g e  I1 
exposure  conditions.   Tantalum w a s  t h e  only material selected f o r  
e v a l u a t i o n   i n   t h e   e x p o s u r e   c o n d i t i o n s  of S tage  111, t h e   a c i d  
s t a g e .  From t h e  tests conducted,  Platinum  and  Tantalum were 
found t o  be chemically most s u i t a b l e   f o r  t h e  a l k a l i n e  and acid 
s t ages ,   r e spec t ive ly .  
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Evalua t ion  of ma t r ix   ma te r i a l s  w a s  confined to t h e   a c i d   s t a g e  
on ly   unde r   t h i s   p rog ram  s ince   t he   a lka l ine   ma t r ix   ( Johns  
Mansvi l le   Fuel  C e l l  Asbestos) p e r f o r m e d   s a t i s f a c t o r i l y   i n   t h e  
previous program. R e f r a s i l  s i l i ca  f i b e r   g a v e   t h e   b e s t   r e s u l t s   i n  
t he   ac id   s t age   env i ronmen t .  

Test ing  conducted on  samples  of K e l  F, Ethylene  Propylene  and 
Viton showed K e l  F and   Vi ton   as   the  most s u i t a b l e   g a s k e t  
materials f o r   t h e   a l k a l i n e  and   ac id   s tages ,   respec t ive ly .  
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2.0 PROGRAM PLAN AND TASK DESCRIPTIONS 

The materials compatibi l i ty   program  consis ted of a l i t e ra ture  
survey  followed by a materials cor ros ion  test phase   for   each   of  
the   major  cell  components  being  evaluated. The l i t e r a t u r e  
surveys  and  mater ia ls '   physical   propert ies   examinat ions were 
performed i n   o r d e r   t o  select c a n d i d a t e   m a t e r i a l s   f o r   t h e  test  
programs.  Following  the  sample  selection.,  a l imi ted  l i f e - t e s t  
program w a s  conducted t o   e v a l u a t e   t h e   a b i l i t y  of t h e   s e l e c t e d  
mater ia ls   to   withstand  the  environmental   exposure  condi t ions 
w i t h i n   t h e  s y s t e m  (see  Table I). 

The work under   the   cont rac t  was d i v i d e d   i n t o  three program t a s k s  
as fol lows:  

(1) Meta l l i c  materials 

( 2 )  Acid mat r ix   mater ia l s ,  and 

(3) Gasket   mater ia ls .  

The above  division  corresponds  with  the  major cell  components 
found i n  the  Carbonation C e l l  System. 

2 .1  Task  Description 

2.1.1 Task 1. - Metal l ic   Mater ia l s   Evalua t ion  

Evaluat ion of t h e  meta l l ic   mater ia l s   requi red   ucder  t h i s  t a s k  
cons i s t ed  of  two p a r t s :  1) a m a t e r i a l   l i t e r a t u r e   r e v i e w  and 2) a 
t es t  program. 

The m a t e r i a l   l i t e r a t u r e   r e v i e w  w a s  under taken   to  make prel iminary 
screening   and   se lec t ion   of   mater ia l s   for  t h e  major metallic ce l l  
components   of   each  s tage  including  the  e lectrose  substrates   and 
cel l  s t r u c t u r a l  components. Se lec t ion   of   candida te   mater ia l s  was 
t o  be  based  primarily on t h e  f o l l o w i n g   c h a r a c t e r i s t i c s  - a b i l i t y  
t o  wi ths tand   e lec t ro ly te   cor ros ion ,   mechanica l   s t rength ,   ease  of 
f a b r i c a t i o n ,   e l e c t r i c a l   c o n d u c t i v i t y   a n d   a p p l i c a b i l i t y   t o  a 
f l igh t -weight  system. 

The tes t  program f o r   t h e   m e t a l l i c   m a t e r i a l s   c o n s i s t e d  of  two 
pa r t s ,   v i z :  1) Electrochemical  Corrosion Tests and 2) Chemical 
Immersion Tests. 

The electrochemical   corrosion tests were conducted t o   s c r e e n  
p o t e n t i a l  materials and t o   p r o v i d e  data f o r   t h e   s e l e c t i o n   o f  
samples  for  the  chemical  immersion tests. Following t h e  
l i t e r a t u r e   r e v i e w ,   f u r t h e r   m a t e r i a l s   s c r e e n i n g  tests were made 
using a "Potent ios ta t ic   Technique"   for   p rede termina t ion  of 
c o r r o s i o n   c h a r a c t e r i s t i c s  of  metals  and  alloys.   This t es t  
cons i s t ed  of  running a cons t an t   po tea t i a l   s can  of  both t h e  anodic 
and   ca thod ic   po la r i za t ion   fo r   t he  test  specimen a t   t h e   r e q u i r e d  
environmental  exposures. The cor ros ion   cur ren t   ob ta ined   over  t h e  
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TABLE 1 

EXPOSURE TEST CONDITIONS 
FOR 

THE CARBONATION CELL SYSTEM 

Exposure 
Condit ion G a s  (1) E l e c t r o l y t e  Temperature 

(Stage) Composition Type Concentrat ion ( OF) 

I 0.5% COO 30 w t  96 K2C03 17 5 
Bal Air 

I1 

79% c02 38 wt X H z S O 4  195 I11 

57% coa 30 w t  % K2CO3 17 5 
Bal 01 

B a l  O2 
i 

(1) For chemical  immersion t es t  only.  

observed   po ten t ia l   reg ion  w a s  recorded. The r e s u l t i n g   c u r r e n t -  
po ten t i a l   cu rve   gea r   can  be i n t e r p r e t e d  t o  de l inea te   r eg ions   o f  
active, passive  and  t ranspassive  behavior .   In   order  t o  eva lua te  
t h e   e f f e c t s  t ha t  O2 and C02  have on t h e   c o r r o s i o n   c u r r e n t   f o r  
each material, t h e   p o t e n t i o s t a t i c   s c r e e n i n g  tes t  w a s  repeated,  
f i r s t  w i t h  pure O2 and  then w i t h  pure C02 bubbled over the  
s u r f a c e   o f   t h e  tes t  specimen. Detai ls  a n d   r e s u l t s  of t h i s  
t e s t i n g  are p r e s e n t e d   i n   S e c t i o n  3.1..2. 

The chemical immersion tests were conducted  using  sample 
materials of approximate  thickness   equal  t o  t h a t   r e q u i r e d   f o r  t h e  
a p p l i c a t i o n   i n   t h e   s y s t e m .  Test samples were immersed f o r  
c e r t a i n  t es t  per iods  up t o  1000  hours i n   e l e c t r o l y t e s  a t  
spec i f ied   t empera tures   and   concent ra t ions .   Dur ing   th i s   per iod  
mixtures  of O2 and COz gases  were bubbled  over t h e  s u r f a c e  of t h e  
tes t  specimens.   Saturat ion of t h e   e l e c t r o l y t e   w i t h   r e s p e c t  t o  
the  gas  and a cons tan t   e lec t ro ly te   composi t ion   main ta ined   wi th in  
2 1 percent ,  were requi red   th roughout   the  1000 hour test. 

S p e c i f i c  samples were withdrawn  from  the t es t  beakers a t  in-  
t e r v a l s   o f  200 , ,  400,  600 and  1000  hours  and were examined f o r  
evidence of corrosion.  The corrosion  evaluat ion  techniques  used 
were as fol lows:  

a. Photographs 

b. Weight  changes 

c. Metallographic  examination 
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d. F i lm  cor ros ion   layer   examinat ion  

1. X-ray d i f f r a c t i o n  

2 .  Microprobe  study of metallographic  specimen 

e. Electrical conduct ivi ty   change 

f. Chemical  analyses  of material and   e l ec t ro ly t e .  

De ta i l ed   desc r ip t ion   o f   t hese  tests and   i n t e rp re t a t ion   o f   t he  
r e s u l t s  are p r e s e n t e d   i n   S e c t i o n  3.1.4. 

2 - 1 . 2  Task 1 Acid  Matrix  Evaluation 

The a c i d   m a t r i x   m a t e r i a l s   e v a l u a t i o n   t a s k   r e q u i r e d   u n d e r   t h i s  
program  consisted  of 1) a mater ia l   screening  and  evaluat ion  and 
2 )  an  immersion tes t  program for selected candida te  materials. 

The material screening  and  evaluat ion  phase  required w a s  
p r imar i ly  a l i t e r a t u r e   r e v i e w   i n c l u d i n g   c o n s u l t a t i o n   w i t h  
m a n u f a c t u r e r s   f o r   t h e   s e l e c t i o n  of sample  mater ia ls  based on 
t h e i r   p o t e n t i a l   a b i l i t y  t o  withstand  physical   and chemical 
degrada t ion   under   the   opera t ing   condi t ions   spec i f ied  for t h e  acid 
s tage .  

Materials i n i t i a l l y  selected as  candida tes  were t e s t e d   f o r   t h e  
fo l lowing   phys ica l   p roper t ies :  

1. Void volume. 

2. Bubble  pressure  of material s a t u r a t e d   w i t h   e l e c t r o l y t e  
under  the  temperature-concentration  combination re- 
q u i r e d   f o r   t h e  acid s tage .  

3 .  cel l  res i s tance   under   condi t ions  similar t o  ( 2 ) .  

Based on t h e   r e s u l t s  of t h e   i n i t i a l   s c r e e n i n g  tests and  the  pre- 
l imina ry   phys i ca l   p rope r t i e s   t e s t ing ,  two candida te  materials 
were selected t o  undergo   the   chemica l   immers ion   tes t ing   in  
s u l f u r i c   a c i d .  After e lapsed times of 200,  400, 600 and 1000  
hour   per iods,   specif ic   samples  were removed for  examination  and 
eva lua t ion   wi th   respec t  t o  the  fol lowing  where  appl icable:  

1. Weight 

2. E l ec t r i ca l   conduc t iv i ty   ( s ample   s a tu ra t ed   w i th  electro- 
l y t e )  

3. G a s  permeabi l i ty   (bubble   pressure)  

4. Void  volume 

8 



5. Linear  dimensions 

6 .  Analyses   o f   e l ec t ro ly t e   fo r   ma t r ix   cons t i t uen t s  

The r e s u l t s  of t h i s   e v a l u a t i o n   p r o g r a m   a r e   p r e s e n t e d   i n   S e c t i o n  
3.2. 

2.1.3 "- Task I11 - Gasket  Materials  Evaluation 

The gaske t   ma te r i a l s   eva lua t ion  program a l s o   c o n s i s t e d  of t w o  
p a r t s :  1) a materials screening  phase w i t h  prel iminary  physical  
p r o p e r t i e s  measurement  and 2) a chemical  immersion test phase. 

A l i terature  survey was f i r s t  conducted  under t h e  screening 
program t o  select su i t ab le   cand ida te   ma te r i a l s   fo r   bo th   t he  
a l k a l i n e  and a c i d   s t a g e s .   M a t e r i a l   s e l e c t i o n  was based  primarily 
o n   t h e   p o t e n t i a l   a b i l i t y   t o   w i t h s t a n d   p h y s i c a l  and  chemical 
degradation,  and t o  ma in ta in   s ea l ing   p rope r t i e s   fo r   pe r iods  up t o  
1 0 , 0 0 0  hours. Review of  the fo l lowing   proper t ies  was r e q u i r e d   i n  
the   eva lua t ion   o f  t h e  gaske t   ma te r i a l s :  

1. Composition 

2. G a s  permeabi l i ty  

3 .  Compress ib i l i ty  

The chemical  immersion tests cons i s t ed  of  immersing  sample  mater- 
i a l s  i n   e l e c t r o l y t e s  a t  the   spec i f i ed   t empera tu res  and  concen- 
t r a t i o n s .  The m a t e r i a l s  were subjected  to  chemical  immersion 
tests s i m i l a r  t o  those  conducted  for  t h e  ma t r ix   ma te r i a l s .  
Again,  following test periods  of 200., 500 and 1000  hours  one 
sample of each ma te r i a l  w a s  removed and evaluated for t h e  
fo l lowing   p rope r t i e s  were  applicable.  

1. Weight 

2. Linear  dimensions 

3 .  Permeabi l i ty  

4. Compressibi l i ty  

These tests and r e s u l t i n g   d a t a   a r e   d e s c r i b e d   a n d   d i s c u s s e d   i n  
Sec t ion  3 . 3 .  
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3.0 MATERIALS EVALUATION AND TEST 

3.1 Metallic Mate r i a l s  

3.1.1  Material   Screeninq 

The use of a metallic material i n   t h e   C a r b o n a t i o n  C e l l  System 
w i l l ,  i n   g e n e r a l ,   b e   d i c t a t e d  by t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :  

1. Cor ros ion   r e s i s t ance   unde r   t he   ope ra t ing   cond i t ions   o f  
t empera tu re ,   e l ec t rode   po ten t i a l   and   t he   na tu re   and  
concent ra t ion  of b o t h   t h e   l i q u i d   a n d   g a s   p h a s e  
c o n s t i t u e n t s .  

2. R e s i s t i v i t y .  

3 .  Mechanical  strength.  

4. Ava i l ab i l i t y   and  ease of f a b r i c a t i o n .  

5. Gene ra l   app l i cab i l i t y  t o  a f l i gh t   we igh t   sys t em.  

Primary  considerat ion w a s  g iven t o  c h a r a c t e r i s t i c  (1) above  be- 
cause   the   remain ing   cons idera t ions  are somewhat f l e x i b l e   a n d  
s u b j e c t   t o   d e s i g n .  With t h e   e x c e p t i o n  of t h e  e l e c t r o d e  
p o t e n t i a l s *   a l l   i n d i v i d u a l  ce l l  o p e r a t i n g   c o n d i t i o n s   a r e   d e f i n e d  
by the   F ina l   Repor t  of NASA Cont rac t  NAS 3-7638, i - e . ,  c e l l  
temperature ,   e lectrolyte   concentrat ion  and  gas   composi t ion.  

S i n c e   c o r r o s i o n   r e s i s t a n c e  is p r imar i ly  a func t ion  of a me ta l ' s  
e l ec t rochemica l   po ten t i a l   and   so lu t ion  pH, t h e s e   d a t a  were f i r s t  
d e f i n e d   f o r   t h e   i n d i v i d u a l  ce l l s  of the   Carbonat ion  C e l l  System 
and   t he  method  employed is d e s c r i b e d   i n   t h e   f o l l o w i n g   s e c t i o n .  
P r i o r  t o  t h i s  work no such   da ta  were known t o   e x i s t .  

3.1.1.1 Estimation of Metallic Operatinq Domain (Potential-pH) 

The o p e r a t i o n a l  domains of Stages I, 11, and I11 were es t imated  
from re l a t ive   sys t ems   da t a   w i th   t he  use  of bas i c   e l ec t rochemica l  
p r i n c i p l e s .   E s s e n t i a l l y  a two p o i n t   h a l f - c e l l   p o l a r i z a t i o n   c u r v e  
was c o n s t r u c t e d   f o r   t h e  P t  Black/O,/OH- couple of each   s tage . ,   the  
t w o  cur ren t   dens i ty   coord ina te   po in ts   be ing   zero   and  75 amps p e r  
s q u a r e   f o o t  ( A S F ) .  

A simplifying  assumption  necessary t o  t h e   d e r i v a t i o n  w a s  t h a t   t h e  
k i n e t i c s  of t h e  oxygen reduct ion  and  oxygen  evolut ion  processes  
were independent of t h e   n a t u r e   o f   t h e   s o l u t i o n   a n i o n .  The 
necess i ty   for   the   above   assumpt ion  w a s  d i c t a t e d  by t h e   l a c k   o f  
re l iab le   and/or   absence  of P t  Black/0, /KzC03 s y s t e m   d a t a   i n   t h e  
l i t e r a t u r e .  

*It  is  assumed  that  the  selected  cell  design  will  result  in  electrical  contact of the 
electrode  with  the  cell  metallic  components.  Thus,,the  metallic  components  will  as- 
sume  the  same  potential as the  working  electrodes. 

10 



The fol lowing is a g e n e r a l   d e s c r i p t i o n  of steps i n v o l v e d   i n  t h e  
e s t ima t ion   o f   t he   ha l f  cell  p o t e n t i a l  domain. S p e c i f i c  
d e r i v a t i o n s  are p r e s e n t e d   i n  Appendix 1. 

The c a l c u l a t e d   h a l f  ce l l  oxygen  potent ia l  i s  determined 
f o r   t h e  pH* v a l u e s   o f   t h e   i n d i v i d u a l   s t a g e s   f o r  t h e  
sys tem  P t  Black/O,/OH-. 

The po ten t i a l   d i f f e rence   be tween   t he   ca l cu la t ed  O2 
p o t e n t i a l   a n d   a c t u a l   m e a s u r e d   p o t e n t i a l   f o r   a n  
analogous O2 system,  e.g., P t  Black/0,/30% KOH is then  
determined. Th i s  p o t e n t i a l  is a measure of  t h e  
dev ia t ion   f rom  the   ca l cu la t ed  cell  po ten t i a l .  

The p o t e n t i a l   d i f f e r e n c e   f o u n d   i n   s t e p  2 )  is  then  a lge-  
bra ica l ly   added  t o  t h e   c a l c u l a t e d   h a l f  c e l l  v a l u e   i n  
step 1) f o r  each s tage .  T h i s  sum i s  the c o r r e c t e d   P t  
Black/O, open c i r c u i t   p o t e n t i a l   f o r   S t a g e s  I., I1 and 
I11 which  approximates  the  measured O2 p o t e n t i a l   a t  t h e  
ind ica t ed  pH. 

From t h e  referenced  system  data ,  the  p o t e n t i a l  a t  75 
ASF €or oxygen  reduction  and  evolution  processes is 
de termined   for  t h e  system P t  Black/02/30X KOH. 

The a c t u a l  measured P t  Black/O, open c i r c u i t   p o t e n t i a l  
is then   a lgebra ica l ly   added  t o  t h e  po ten t i a l   r e f e renced  
i n   s t e p  4). T h i s  sum is t h e  polar iza t ion   f rom t h e  
measured  open c i r c u i t   p o t e n t i a l   f o r   t h e  O2 reduct ion  
and   evolu t ion   processes   for  the analogous  system., P t  
Black/O2/30% KOH. 

Now, t h e   v a l u e s   d e t e r m i n e d   i n   s t e p   5 ) a r e   a l g e b r a i c a l l y  
added t o  t h e   c o r r e c t e d  P t  B lack /02  open c i r c u i t  
p o t e n t i a l s   d e t e r m i n e d   i n   s t e p   3 ) .  The values   obtained 
are t h e   p o t e n t i a l s  for  t h e  oxygen  evolution  and 
reduct ion  processes  a t  75 ASF f o r   S t a g e s  I, I1 and 111. 
These  v a l u e s   c o n t a i n   a c t i v a t i o n   p o l a r i z a t i o n  losses 
only. 

For t h e   a l k a l i n e   s t a g e s  (I and 11) an   addi t iona l  cor- 
r e c t i o n  must  be  applied t o  inc lude   poss ib le   concent ra -  
t i o n   p o l a r i z a t i o n  losses a t  the anode,  the  oxygen 
evolv ing   e lec t rode .  

A summary o f   t he  estimated pH - P o t e n t i a l  Domains f o r   t h e   t h r e e  
s t a g e s  is shown below. (Refer t o  Appendix I f o r  detailed 
de r iva t ions .  1 

*Estimates  of pH for the   s tages   are   g iven   in   Appendix  2 .  
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Estimated pH - P o t e n t i a l  Domains 

pB Maximum P o t e n t i a l  (75 ASF) 
Staqe Anode Cathode Anode Cathode 

I 8 . 7  1 0  1.363 0.289 

11 8.3 8.4 1.473 0.. 333 

III* <O <O 1.825 0.75 

The v a l i d i t y  of the   pH-Potent ia l  Domains shown are s u b j e c t   t o   t h e  
assumptions made i n   t h e   d e r i v a t i o n  of t h e  pH = F[PC021 ;Ec t ion .  
It must a lso be   no ted   t ha t   t he   ca l cu la t ed  pH i s  t h a t  o bulk 
e l e c t r o l y t e  and   does   no t   p red ic t   t he   so lu t ion  pH i n   t h e  immediate 
v i c i n i t y  of t h e   e l e c t r o d e -  The concent ra t ion   g rad ien t   o f  OH' 
i o n s  (pH) tha t  i s  obta ined   dur ing   cur ren t   f low w i l l  r e s u l t   i n  a 
higher   concentrat ion of OH- i ons  a t  the   ca thode .  The equ i l ib r ium 
concent ra t ion   of  OH- i o n s  w i l l  i n   p a r t  be  determined by t h e  
c o n c e n t r a t i o n   o f   c a r b o n   d i o x i d e   i n   t h e   e l e c t r o l y t e  as d i scussed  
i n  Appendix 11; see [CO2]* = k PCOo, etc. The va lue  of k,  t h e  
s o l u b i l i t y   c o e f f i c i e n t ,  used i n   t h e   d e r i v a t i o n  i s  f o r   t h e  carbon 
dioxide-water  system. The a c t u a l   s o l u b i l i t y   c o e f f i c i e n t  k for  a 
s t r o n g   e l e c t r o l y t e   s u c h  as  30% K2 C03  may w e l l  b e   s e v e r a l   o r d e r s  
of magnitude  lower  than  the  value  assumed.  This would r e s u l t   i n  
a more a lka l ine   (h ighe r  pH) so lu t ion   t han   t he   one   e s t ima ted .  

The c a l c u l a t e d  pH u s i n g   t h e   a n a l y s i s   d e s c r i b e d   i n  Appendix I1 i s  
one pH u n i t  lower than   the   measured   va lue .   This   d i f fe rence  is 
most  probably  due t o   t h e   u s e   o f   c o n c e n t r a t i o n   c o e f f i c i e n t s  
i n s t e a d  of a c t i v i t y   c o e f f i c i e n t s   i n   t h e   e x p r e s s i o n s   f o r  K, and 
K2. A l l  of t h e  above  considerat ions would i n d i c a t e  a higher  pH 
range   t han   t he   ones   ca l cu la t ed .   S ince ,   i n   gene ra l ,  metals tend  
t o   c o r r o d e  a t  the   ex t remes  of t h e  pH spectrum it would be more i n  
keeping  with the i n t e n t  of t h i s   s t u d y  t o  ex tend   the   es t imated  pH 
r a n g e   i n t o   t h e  more a lka l ine   r eg ions .  

Revised pH P o t e n t i a l  Domains 

pH Maximum P o t e n t i a l  ( 7 5  ASF) 
Staqe Anode Cathode Anode Cathode 

I 12 .0  13.0 1.11 -0.027 

I1 9.0 10.5 1 .29  0 .148  

I1  I <O <O 1.825 0.75 

'60 ASF 

* [  ] = concentration of substance  in  Moles/Liter. 
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3.1.1.2 Philosophy of Screeninq Methods 

The approach   adopted   for   the   se lec t ion   of   candida te   meta l l ic  
mater ia1 .s   for   e lec t rochemica l   sc reening  was e s s e n t i a l l y  a process  
of   e l iminat ion.  The u n i v e r s e   s e l e c t e d  f o r  t h e   p o s s i b l e   c a n d i d a t e  
m a t e r i a l s  was t h e   p e r i o d i c  table of elements - Figure 1. A l l  
t h o s e   e l e m e n t s   s a t i s f y i n g   t h e   a p p l i c a t i o n   o f  a th ree - fo ld  set of 
criteria were sub jec t ed  t o  e l ec t rochemica l   ana lys i s .   Pe r t inen t  
m a t e r i a l s '   i n f o r m a t i o n   a b s t r a c t e d   f r o m   t h e   l i t e r a t u r e  was used t o  
v e r i f y ,   e n l a r g e  or d e l e t e   f r o m   t h e  body  of candida te   e lementa l  
materials s e l e c t e d  by the  above  mentioned  methods. 

The t h r e e  sets of s e l e c t i o n  cri teria used   a re  as  follows: 

I. The candidate   e lemental   mater ia l   should  be:  1) a s o l i d  
with  reasonably  high  conduct ivi ty   and  have  chemical  
s t a b i l i t y   i n   t h e   i n t e n d e d   a q u e o u s   s o l u t i o n ;  2) 
commercially  available.  

11. For t h e   a p p l i c a t i o n :  1) the   p ro j ec t ed   ope ra t ing  domain 
(potent ia l /pH)  of   the  metal   should  not  l i e  w i t h i n   t h e  
cor ros ion   reg ion   of  t h e  Pourbaix  diagram  for   the 
intended  metal .  

111. The chosen  mater ia l   should:  1) have a genera l   appl i -  
c a b i l i t y   t o   o p e r a t i o n   i n   b o t h   a n o d i c   a n d   c a t h o d i c  mode 
f o r   t h e   s p e c i f i c   s t a g e   i n   q u e s t i o n , ,  2) be e a s i l y  
f ab r i ca t ed , ,  3 )  be  non-toxic, 4) offer   an  advantage  such 
a s  lower weight ,   h igher   thermal   conduct ivi ty  or lower 
cost i n   t h e   c a s e  where t h e r e  is a choice  between t w o  
s i m i l a r   m a t e r i a l s ,  5) have a g e n e r a l   a p p l i c a b i l i t y  t o  
u s e   i n  a f l igh t   weight   sys tem.  

It should be n o t e d   t h a t   l a r g e  numbers of candida te   mater ia l s  may 
e x i s t   i n   c l a s s e s  of   mater ia l s  such  as compounds., a l loys   and  
i n t e r m e t a l l i c s .  The appearance  of  any of t h i s  c l a s s i f i c a t i o n  of 
m a t e r i a l s   i n   t h e   f i n a l  recommended set of   candida te   mater ia l s  is 
only  by v i r t u e  of hav ing   been   spec i f i ca l ly   r e f e renced   i n   t he  
e x p e r i m e n t a l   c o r r o s i o n   l i t e r a t u r e   o r   f u e l  c e l l  l i t e r a t u r e .  

3.1.1.2.1  Periodic  Table 

The a p p l i c a t i o n   o f   c r i t e r i a  I t o  t h e  e l emen t s   appea r ing   i n   F igu re  
1, the   Per iodic   Table   o f   E lements , ,   resu l t s   in  t h e  r e j ec t ion   o f  
the  fol lowing  e lements .  

Group 1 - A  

The a l k a l i  metals exer t   ex t remely  l o w  s a t u r a t i o n   p o t e n t i a l s .  

These metals are v e r y   u n s t a b l e   i n  t h e  presence of aqueous 
so lu t ions   o f   any  pH. Because t h e   o x i d e s  are very   so luble  
they  cannot  produce  any  passivation  and  the metals decompose 
aqueous  solut ions  very  vigorously  with  the  evolut ion  of  
hydrogen.  These metals also have  low  melting  points. 
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t-J 
tP 

GROUP 
PER I O D  

0 V I I b  V l b  Vb I V b  I I l b   l i b  I b  V I 1 1  V I  l a   V i a  Va I V a   I I l a  I l a   l a  

I 
1 

I I I I 1  I I  I I I 1 I 
H 

2 1 I I I I 1  I I  I I I !  I 
He H I I ' I  I I I  I I I I 

' I  2 

36 35 34 33 32 31 30  29 2 a  27 26 25 24 23 22 21 20 19 4 

I I I 12  1 1  3 

Ne F N O  C B I 1  1 1  I I I 
I I I 4 3 I I I I I  

I I 1 1  10 9 7 a  6 5 
L i  Be 

I I I I  
I I I I  13 18 17 I6  15 14 

Na A c 1  P S  S i  A I  I I I I I 1 1  Hg ". 

K K r  B r  Se As Ge Ga Zn Cu N i  Co Fe Mn Cr V T i   s c  Ca ." . 

5 54 53 52 51 50 49 . 48 4 7  46 45 44 43 4 2  4 1  40 39 3a 37 
Rb Xe I Te  S b  Sn I n  Cd Ag Pd  Rh RU Tc  Mo Nb Zr Y S r  

6 84 83 82 a1 80 79 78  77  76 75 74 73 72 57 56 55 
Cs A t  Po B i  Pb T I  Hg Au P t   L r  O s  Re W Ta H f  La Ba 

7 89 a8  a7  
F r  Ac Ra 

LANTHANIDE 
L u  Yb Tm E r  Ho Dy Tb Gd Eu Sm 
71 70 69 68 67 66 65 64 63 62 61 60 59 58 

S E R l  E S  Nd P r  Ce 
4f 

ACTINIDE 
C f  Bk Cm Am Pu Np U  Pa Th  SERl E S  
98  97  96 95 94 93 92 91 90 

5f 

FIGURE 1 PERIODIC TABLE OF ELEMENTS 



Group 2-A 

The a l k a l i n e   e a r t h  metals,, i nc lud ing  magnesium and 
beryll ium,,  also exer t   ex t remely  l o w  s o l u t i o n   p o t e n t i a l ,  
They are   ex t remely   base  metals and  powerful  reducing  agents. 
They have a l a r g e   a f f i n i t y  t o  react with water which they  
t h e o r e t i c a l l y  decompose w i t h   t h e   e v o l u t i o n  of  hydrogen, t h e  
except ion   be ing   bery l l ium  which   pass iva tes   in   neut ra l  t o  
modera t e ly   a lka l ine   so lu t ions .  

Group 3-A 

Scandium  and  yttr ium  are  extremely  base  metals and  powerful 
reducing  agents   having a g r e a t   a f f i n i t y   t o  react wi th  water 
which  they  decompose  with  the  evolution  of  hydrogen.  In  the 
p re sence   o f   ac id   and   neu t r a l   so lu t ions   t he   l i be ra t ion   o f  
hydrogen is accompanied by t h e   d i s s o l u t i o n  of scandium  and 
y t t r ium t o  form  ions of t h e  metal .   In  t h e  presence  of 
a lka l ine   so lu t ions   the   evolu t ion   of   hydrogen   takes   p lace  
concurren t ly   wi th  t he  formation  of  scandium  hydroxide  and 
y t t r i u m  hydroxide. 

Remaining  Groups 

The l an than ide  series of   e lements   and  the  act inide series of 
e lements   together  w i t h  Group 0 and  Group 7B e l e m e n t s   a r e   a l l  
e l imina ted   fo r  t h e  obvious  reason  of   not   sat isfying either 
o n e   o r   a l l  of t h e   f i r s t   c r i t e r i a .  A l l  the  elements  from 
Groups 2B through 6B excep t   z inc ,   l ead ,   t i n ,   and   ca rbon   a r e  
e l imina ted   fo r   s imi l a r   r ea sons .  

With the  except ions  noted  above,   the   remaining  twenty-eight  (28) 
e lemen t s   appea r ing   i n  Groups 4-A through 1-B (see Figure 2) a r e  
now s u b j e c t e d   t o   t h e   s e c o n d   s e l e c t i o n  cr i ter ia  a s   d i s c u s s e d   i n  
the   fo l lowing   s ec t ion .  

3.1.1.2.2  Pourbaix  Diaqrams* (15,  1 6 ,  1 8 ,  6 5 ,  6 6 )  

Descr ip t ion  

Pourbaix  diagrams may be   def ined   as   e lec t rochemica l   equi l ibr ium 
diagrams  usefu l   for   ob ta in ing   as   comple te   and   overa l l  a view as 
poss ib le   o f  t h e  in t e r f ace   r eac t ions   t he rmodynamica l ly   poss ib l e   i n  
a p a r t i c u l a r  se t  of   condi t ions .   Such   d iagrams  ind ica te   as  a 
f u n c t i o n   o f   t h e   m e t a l   e l e c t r o d e   p o t e n t i a l s   a n d  of the s o l u t i o n  
pH, t h e  thermodynamic limits o f   t h e   s t a b i l i t y   o f  the metal i n  
r e l a t i o n  t o  i t s  i o n s ,  t o  t h e  i o n s  of water and t o  t h e  r e a c t i o n  
products   o f   these   ions .  The l i m i t a t i o n s   i n  t h e  app l i ca t ion   o f  
Pourbaix  diagrams t o  real systems may be b r i e f l y  summarized a s  
follows. R e a l  c o r r o s i o n   s i t u a t i o n s   o f t e n   i n v o l v e   s i g n i f i c a n t  

*A  d e t a i l e d   e x p l a n a t i o n  of c o n s t r u c t i o n   m e t h o d   a n d   d a t a   i n t e r p r e t a t i o n  i s  p r e s e n t e d  
i n   A p p e n d i x  111. 
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Note: Indicates Reiection of Element 5 
FIGURE 2 ELEMENTS REJECTED BY CRITERIA I 



departures   f rom  equi l ibr ium. The diagram refers t o  the   pu re  
meta l ,   no t   a l loys ,   and  t o  pure water, f r e e  of  substances  capable 
of   e i ther   forming  soluble   complexes  or   insoluble  compounds.  The 
p H  va lue   i nd ica t ed   i n   t he   d i ag ram i s  t h a t  of t h e  s o l u t i o n   i n  
d i r e c t   c o n t a c t   w i t h   t h e  metal and is  n o t   n e c e s s a r i l y   t h a t  of t h e  
s o l u t i o n  as a whole. Information  on  the  ra te   of   corrosion i s  no t  
g i v e n   d i r e c t l y  by t h e  diagram.. 

Applicat ion to Materials Se lec t ion  

The a p p l i c a t i o n  of the  second criteria t o  the  remaining  twenty- 
e i g h t  ( 2 8 )  elements   in   Paragraph 3.1.1.2.1  above was accomplished. 
as follows.  Refer t o  Figure 2. The rev ised   es t imated   opera t ing  
domains f o r   S t a g e s  I,, I1 and III,, Paragraph  3.1.1.1,  were  plotted 
on  Pourbaix  diagrams  for   the  e lements   in   quest ion.   These  domains 
de f ined   fo r   S t ages  I., I1 and 111 are the   p ro j ec t ed  maximum 
operat ing  condi t ions  to   be  expected. ,   and  the common areas   o f  
s t a b i l i t y   a n d / o r   c o r r o s i o n  were noted. A n  element w a s  r e j e c t e d  
f o r   e i t h e r   a n o d i c   o r   c a t h o d i c   u s e   i f  its es t imated   pro jec ted  
opera t ing  domain w a s  co inc ident  w i t h  any p a r t  of a Pourbaix 
co r ros ion  domain. I n  t h e  case of  minor coincidence t h e  element 
w a s  no t   r e j ec t ed .  As a r e s u l t ,   1 9  of t h e  28 elements were judged 
t o  be  acceptable.  (Note: Not a l l  of t h e  accepted  e lements   are  
a p p l i c a b l e   t o  a l l  three s t ages . )  Shown i n  Figures  3 through 8 
are reproductions  of  17  Pourbaix  Diagrams  for  materials  judged 
acceptable .  The two elements not  shown are   carbon  and cadmium 
which were r e j ec t ed   fo r   r ea sons   d i scussed  i n  Section  3.1.1.2.3. 
Examples  of  whole o r   p a r t i a l   c o i n c i d e n c e s   o f  a cor ros ion  domain 
w i t h  t he   ope ra t ing  domain are a s   f o l l o w s :   s i l v e r  - Stages I, 11; 
t i n  - Stage I; gold - Stages  I, I1 and I11 anodic  only;  zirconium- 
Stage  111; lead  - s t a g e  I; copper - Stage I; tungsten - Stages I 
and 11; i r id ium - Stages  I and I1 anodic  only. An element w a s  
n o t   r e j e c t e d   i f :  (1) its anodic   o r   ca thodic  domain were 
sepa ra t e ly   co inc iden t   w i th   t he   co r ros ion  domain,, o r  ( 2 1 ,  it d i d  
no t   have   immuni ty   o r   pas s iva t ion   cha rac t e r i s t i c s   fo r   a l l  three 
s t ages .  

3.1.1.2.3 L i t e r a t u r e  - Corrosion,  Electrochemical  Technoloqy 

The purpose of the   survey  was two-fold: 1) to d i scove r   app l i cab le  
C O ~ e r C i a l l y  ava i l ab le   ma te r i a l s   such  as  a l loys   and  compounds 
which a r e   s u i t a b l e   f o r  the Carbonation C e l l  System, and 2 )  t o  
s u b s t a n t i a t e   o r  reject the   candida te   e lementa l   mater ia l s   se lec ted  
acco rd ing   t o  t h e  method o u t l i n e d   i n   S e c t i o n  3.1.1.2. A to ta l  Of 
80  se lec ted   papers , ,   cont rac t   repor t s , ,  art icles and notes  were 
reviewed. The  main sources  of t h e   l i t e r a t u r e   u s e d   i n  t h e  survey 
were t h e  basic   Corrosion  Journals ,  t h e  Electrochemical   Journals ,  
and  Government Contract  Reports.  

In   gene ra l ,  it w a s  found   t ha t   fo r   t he   a lka l ine   S t ages  I and I1 no 
analogous  systems w e r e  d i r e c t l y   i d e n t i f i e d   i n  t h e  l i t e r a t u r e -  
The closest   approximations t o  t h e  sys tems i n  terms of t h e   n a t u r e  
o f   t h e   e l e c t r o l y t e  were aqueous  systems  involving  concentrated 
potassium  hydroxide  or   di lute   solut ions  of   sodium  carbonate   or  

17 
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sodium bicarbonate  (1, 9, 25 ) -   In  terms of t h e  metal ope ra t ing  
po ten t i a l   r ange  it can   be   ca t egor i ca l ly   s t a t ed  as a r e s u l t  of t h e  
l i t e r a t u r e  review., t h a t  no eva lua t ion  was carried o u t  at. 
p o t e n t i a l s   g r e a t e r   t h a n  1 . 2  v o l t s   w i t h   r e s p e c t  t o  t h e  hydrogen 
e l e c t r o d e   i n   t h e  same so lu t ion   ( t he   anod ic   ope ra t ing   r eg ion   o f  
Stages I and 11). From t h e   s t a n d p o i n t  of   metals ,   the   bulk of t h e  
app l i ed   t echno logy   l i t e r a tu re   dea l ing   w i th   me ta l - ac id   sys t ems  
d e a l s   w i t h   a l l o y ,   i n t e r s t i t i a l  or i n t e r m e t a l l i c   t y p e  materials, 
which a t  present, ,  are not   commercial ly   avai lable  ( 2 ,  5, 19,  20 ,  
2 8 ,  29, 30, 31,, 32). Classes of   mater ia ls   such a s  i n t e r m e t a l l i c s  
a n d   i n t e r s t i t i a l s  were a l s o  shown t o  be s t a b l e  i n  h i g h l y   a l k a l i n e  
s o l u t i o n s  up t o   p o t e n t i a l s  of 1 . 2  v o l t s  (9 ,  251, 

A poss ib le   ac id   candida te   mater ia l ,   Nionel  825, ( 2 )  was exper- 
imentally  determined t o  have a stable region  of   operat ion up t o  
p o t e n t i a l s  of 1 .2  v o l t s   i n  5 n o r n a l   s u l f u r i c  acid a t  ambient 
temperature.  Above 1 . 2  v o l t s ,   t h e  limited da ta   i nd ica t ed  
r e l a t i v e l y   l a r g e   i n c r e a s e s   i n   c o r r o s i o n   r a t e s .  The inclusion  of  
t h i s   a l l o y   i n   t h e   f i n a l   g r o u p  of candida te  materials was d i c t a t e d  
by i ts  poss ib l e  use  i n  t h e  cathodic   region  of   Stage 111. The 
a l l o y ,  Monel 400 ,  was i n c l u d e d   i n   t h e  list of   candidate  metallic 
m a t e r i a l s   f o r  two reasons.. The l i t e r a t u r e   s p e c i f i c a l l y  
r e f e r e n c e s   t h i s   a l l o y   a s   b e i n g  stable i n  a l k a l i n e   s o l u t i o n s  of 
potassium  carbonate (58). It is a l s o  of interest s i n c e   t h e   a l l o y  
is p r i n c i p a l l y  a composite  of  nickel and copper  elemental 
ma te r i a l s   p rev ious ly  reconmended by the   app l i ca t ion   o f  cr i ter ia  
11. 

I n  summary,, no spec i f ic   re fe rence   could   he   found i n  l i t e r a t u r e  
which  could  negate   the  e lemental   mater ia l   se lect ion  which was 
made for   the  environments   def ined i n  Table 1 by t h e  a p p l i c a t i o n  
of c r i t e r i a  I and 11. However, t h e  l i terature  i d e n t i f i e s  limited 
a r e a s  of  non-compatibility of some of t h e  e lementa l   mater ia l s  
r e fe renced   i n   Tab le  2 .  For example, the  e lement   tantalum is 
repor ted  t o  corrode when po la r i zed   anod ica l ly  i n  a l k a l i n e  
s o l u t i o n s  ( 6 5 ) .  The remaining elements of t h e  Per iodic   Table  
a f t e r   t h e   a p p l i c a t i o n  of C r i t e r i a  I1 a r e  shown i n   F i g u r e  9 and 
are n e x t   t o  be analyzed by t h e  a p p l i c a t i o n  of C r i t e r i a  111. A l s o  
shown i n  Table 2 are those  e lements  recommended by the   app l i -  
c a t i o n  of C r i t e r i a  I and PI spec i f i ed   acco rd ing   t o  t h e  intended 
use i n  ei ther Stage I, I1 o r  111. 

3.1.1.3 Se lec t ion  Recommendations of Candidate  Materials 
- for   Electrochemical   Test ing 

The f i n a l   s e l e c t i o n   o f   c a n d i d a t e   m a t e r i a l s  for electrochemical  
t e s t i n g  w a s  made by t h e   a p p l i c a t i o n  of C r i t e r i a  I11 t o  t h e  
ma te r i a l s  l i s ted  in   Tab le  2, a l s o  shown i n  Figure 109. The 
ma te r i a l s  which were thus   d i squa l i f i ed   and  t h e  r e a s o n s   f o r   t h e i r  
e l imina t ion  are p resen ted   i n   Tab le  3 .  

*Monel 4 0 0  and Nione l  825 not shown. 
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The contractual   requirements   for   recommendat ions of candida te  
materials f o r   e l e c t r o c h e m i c a l   t e s t i n g  were two-fold. 1) It w a s  
r e q u i r e d   t h a t  a minimum of  two  and a maximum of 4 ma te r i a l s   pe r  
component  be recommended,, 2) t h e  components t o  be  considered w e r e  
t h e  cell  end p l a t e s   ( c u r r e n t   c o l l e c t o r s )   a n d   t h e   e l e c t r o d e  
subs t r a t e   fo r   t he   p l a t inum  b l ack   ca t a lys t .   S ince   t he   fo rm of t h e  
material t o  be used w a s  n o t   s p e c i f i e d ,  t h e  use of composite 
s t r u c t u r e s   s u c h  as p l a t e d   m a t e r i a l s   o r   c l a d   m a t e r i a l s   o r  
mater ia l s   in   bu lk   form  could   be   cons idered .  However,, no material 
could  be recommended f o r   u s e   i n   t h e   p l a t e d  form  due t o  
u n c e r t a i n t i e s   i n   t h e   t h i c k n e s s  of depos i t   necessary  t o  achieve a 
:non-porous   p la te .   Therefore ,   the   fo l lowing   se lec t ions  are f o r  
t he   bu lk   o r   c l ad   fo rm  o f   t he  material only. The f i n a l   s e l e c t i o n  
of   candidate  materials f o r   t h e   s p e c i f i c   s t a g e s   o f   o p e r a t i o n  is 
shown i n  Table 4. The t r a n s l a t i o n   o f  a material from the f i n a l  
s e l e c t i o n  of m a t e r i a l s   t o  a spec i f i c   u se ,  i .e- ,  e l e c t r o d e  
s u b s t r a t e  or end p l a t e  i s  e l e c t r o c h e m i c a l l y   a r b i t r a r y , ,   s i n c e   i n  
cell  ope ra t ion   t he  material does   no t  know i f  it is an  end p l a t e  
o r   e l e c t r o d e   s u b s t r a t e .   T h e r e f o r e ,  t h e  c r i te r ia  used i n  
recommending a material f o r  a s p e c i f i c  component were first,  c o s t  
and  second  the  objective  of  submitt ing the maximum number of 
candida te  materials f o r   e l e c t r o c h e m i c a l   t e s t i n g .  The  recommended 
m a t e r i a l s   f o r   e l e c t r o c h e m i c a l   t e s t i n g   a r e   p r e s e n t e d   i n   T a b l e  4 ,  
a cco rd ing   t o   t he i r   i n t ended   u se .  

3.1.2 Electrochemical   Corrosion Tests 

A method  employing p o t e n t i o s t a t i c   c o n t r o l  of t h e  tes t  specimen 
w a s  s e l ec t ed   fo r   t he   e l ec t rochemica l   eva lua t ion  of candidate  
ma te r i a l s .  The reader  is r e f e r r e d   t o   t h e  numerous texts and 
papers  which deal w i t h  the   theory   and   appl ica t ion   of  t h i s  method 
(11, 17,  la,, 34,, 69, 70) E s s e n t i a l l y   t h e  method u t i l i z e s  t h e  
p o t e n t i o s t a t  which fo rces   t he   e l ec t rodes   unde r  test t o   m a i n t a i n  a 
f i x e d  o r  a l i nea r ly   chang ing   vo l t age   a s  was employed i n  t h i s  
eva lua t ion .  The ne t   cu r ren t   f l ow which i s  necessa ry   t o   po la r i ze  
the tes t  e l e c t r o d e  i s  recorded. The r e su l t an t   vo l t age -cu r ren t  
r e l a t i o n s h i p   y i e l d s   i n f o r m a t i o n   a s  t o  t h e  v o l t a g e   a t  which 
reac t ions   begin   and   the   range  of vol tage  over  which these 
reac t ions   ex tend .   I f  a s i n g l e   r e a c t i o n  i s  being  considered,  
qua l i t a t ive   i n fo rma t ion   abou t  the na tu re  of t h e  r e a c t i o n  may be 
ob ta ined   f rom  the   vo l t age   cha rac t e r i s t i c   wh i l e   t he   r a t e   o f   t he  
process  i s  d i r e c t l y   p r o p o r t i o n a l   t o   t h e   c u r r e n t  produced. 

Experimental C e l l  Desiqn. A convent iona l   th ree-e lec t rode  ce l l  
des ign  was adopted   for  the scanning tests. The reference  and 
coun te r   e l ec t rodes  are i s o l a t e d  from t h e  main c e l l  compartment  by 
s i n t e r e d   g l a s s   d i s c s .  

P o t e n t i o s t a t i c   e v a l u a t i o n   o f   t h e  tes t  e l e c t r o d e s  was accomplished 
w i t h  t h e  use of a Beckman "Electro-Scan  30"  (71).   In t h e  
p o t e n t i o s t a t i c  mode o f   ope ra t ion   t he   r ange   o f   cu r ren t   s ens i t i v i ty  
is from 0.7 micro-ampere t o  1 4 0  milliamperes  and t h e  vol tage  
scan  rates from 0.5 t o  500 mi l l ivo l t s /min .   F igure  11 shows t h e  
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TABLE 2 

R E C O W N D E D  MATERIALS  BASED ON CRITERIA I 8 I1 

Staqe  I 

Carbon 

I ron  

Zirconium 

Hafnium 

il ickel 

Niobium 

Gold 

MoneL 400  

P la t inum 

Palladium 

Rhodium 

Cadmium 

Tantalum 

Cobal t  

Staqe I1 

Carbon 

Iron 

Zirconium 

Hafnium 

Nickel 

Niobium 

Gold 

Monel 400  

Platinum 

Palladium 

Rhodium 

Titanium 

Copper 

Tin 

Tantalum 

Lead 

Cobalt  

S taqe  I11 

Carbon 

Nionel  ( Incoloy)  825  

Zirconium 

Niobium 

Tantalum 

Rhodium 

Platinum 

Gold 

Ti tanium 

Tungsten 

I r id ium 

Baf nium 
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TABLE 3 

MATERIALS  REJECTED BASED ON C R I T E R I A  111 

M a t e r i a l  Staqe 

Hafnium I ,  11, 111 

T i t a n i u m  111 

I r i d i u m  

T a n t a l u m  

N l o b i  unl 

Gold  

P a l l a d i u m  

Rhodium 

T u n q s t e n  

C a r b o n  

Cadmium 

C o b a l t  

Lead  

XI1 

I, I1 

I, I1 

I ,  11, I11 

I, 11 

1, 11, I l l  

111 

I ,  11, I11 

I 

I, I1 

I1 

" Reason  for R e j e c t i o n  

P r o p e r t i e s  similar to  those o f  
z i r c o n i u m   a n d   z i r c o n i u m  is h a l f  
as d e n s e  a s  haEnium  and  1/35 o f   t h e  
cost o f   h a f n i u m .  

By d i r e c t i o n  of NASA P r o j e c t  Man- 
a g e r  - o t h e r   r e f e r e n c e s   i n d i c a t e  

of S t a g e  I11 (64). 
p a s s i v i t y   i n   t h e   o p e r a t i n g   r a n g e  

P r o p e r t i e s  s imilar  to t h o s e  of 
p l a t i n u m .  The cost of i r i d i u m  is  
almost twice a s  h i g h  as p l a t i n u m .  

p o t e n t i a l s  i n   a l k a l i r w  s o l u t i o n  
E v i d e n c e  of c o r r o s i o n  a t   a n o d i c  

(65). As a r e s u l t   w o u l d   n o t   b e  
g e n e r a l l y   a p p l i c a b l e  to b0t.h 
a n o d i c   a n d   c a t h o d i c  Inode of 
o p e r a t i o n .  

Similar t o  t a n t a l u m .  

A n o d i c   d i s s o l u t i o n   i n d i c a L e d  by 
P o u r b a i x   d i a g r a m s .   I ' a r t i a l   d i s -  
s o l u t i o n   i n   c a t h o d i c  mode also 
i n d i c a t e d ,   t h e r e f o r e   n o t   g e n e r a l l y  
a p p l i c a b l e .  

C h e m i c a l   p r o p e r t i e s  s imilar t o  
p l a t i n u m   w h i c h  w i l l  be e v a l u a t e d .  

Cost  is  h i g l l  - d i f f i c u l t  t o  o b t a i n  
- c h e n ~ i c a l .   p r o p e r t i e s   s i m i l a r  to 
p l a t i n u m .  

s a t i s f i e d .  
Ease of f a b r i c a t i o n  c r i t e r i a  n o t  

Ease of f a b r i c a t i o n   c r i t e r i a  not 
s a t i s f i e d  for e l e c t r o d e   s u p p o r t .  
M e c h a n i c a l   s t r e n g t h   c r i t e r i a   n o t  
s a t i s f i e d  for e n d   p l a t e  u s e .  

Must  be u s e d   i n   p l a t e d   f u r m   d u e  t o  
l a c k  of m e c h a n i c a l   s t - r e n y t h .  
C o n t r a c t   n o t   e v a l u a t i n g  cornp- 
osite materials.  

L i m i t e d   a p p l i c a b i l i t y   c a t h o d i c  
mode. 

D i f f i c u l t  t o  o h t a i l 1   i n  pure fornl. 

c o r r o s i o n   b e h a v i o r .  
I m p u r i t y   l e v e l  nlily well c o n t r o l  
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FIGURE 1 1  P O T E N T I O S T A T I C  SCREEN1 NG TEST 
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TABLE 4 

Staqe I 

I r o n  

Zirconium 

Nickel 

Monel 400  

Platinum 

FINAL SELECTION OF CANDIDATE 
MATERIALS FOR ELECTROCHEMICAL TESTING 

Staqe I1 Staqe I11 

Iron  Nionel   ( Incoloy)  825 

Zirconium  Zirconium 

Nickel Niobium 

Monel 400 Tantalum 

Platinum  Platinum 

Titanium 

copper 

Tin 

general   arrangement   of   the  test apparatus  used for t h e  
p o t e n t i o s t a t i c   s c r e e n i n g  tests. A schematic of  the tes t  system 
is shown i n   F i g u r e  1 2 .  

A 500 cc r e s i n   r e a c t i o n  vessel serves as t h e  main cell compart- 
ment. A 0 - 5 inch   t h i ck   t e f   l on   cove r . ,   s ecu red  t o  t h e   v e s s e l  via  a 
c i r c u l a r  clamp,, c o n t a i n s   e n t r y  por t s  f o r   t h e   v a r i o u s  ce l l  
components. "0" r i n g s   l o c a t e d  a t  an   appropr ia te   he ight   a round 
t h e  O.D. of t h e   v a r i o u s  cel l  components serve as a vapor seal, 
mounting  support.,  and a s  a s imple  height   adjustment   device.  C e l l  
hea t ing   and   tempera ture   cont ro l  are accomplished by the   u se  of a 
cy l ind r i ca l   hea t ing   man t l e ,   t he  power i n p u t  t o  which is 
c o n t r o l l e d  by an  immersible  glass  thermo-regulator  which  senses 
t h e  ce l l  e l ec t ro ly t e   t empera tu re .  

A Dynamic Hydrogen  Reference Electrode (Figure 13) proposed by 
J. Giner ( 1 0 )  w a s  employed to  r e fe rence  t h e  working  e lectrode 
p o t e n t i a l   i n   t h e   a c a n n i n g  tests. The advantages  and  pr inciples  
of ope ra t ion  are desc r ibed   i n   t he   above   r e fe rence .  The Reference 
Elec t rode   sys tem  cons is t s   o f  t w o  p l a t in i zed   p l a t inum  e l ec t rodes  
1 .0  c m  x 1 .0  crn (Figure  1 4 )  welded t o  a platinum w i r e ,  s ea l ed  t o  
a g l a s s   t ube .  These e l e c t r o d e   t u b e s  are in t roduced   i n to  a l a r g e r  
t ube   con ta in ing  a Luggin-Haber c a p i l l a r y   t i p  and a s i n t e r e d   g l a s s  
diaphgram. The p l a t in i zed   p l a t inum electrodes are  secured t o  t h e  
open  end of the f r i t t e d   g l a s s  tube by a t e f lon   s toppe r .  A 
schematic of the   Reference   E lec t rode  power supply i s  shown i n  
F igure  15. 

The counter  electrode assembly  (Figure 1 6 )  c o n s i s t s  of a p l a t -  
in ized   p la t inum  e lec t rode   1 .0  c m  x 1-0 c m  (F igure  1 4 )  welded t o  a 
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plat inum w i r e , ,  s e a l e d  t o  a g la s s   t ube .  The e lec t rode- tube  is 
i n t r o d u c e d   i n t o  a l a r g e r   g l a s s  t ube   con ta in ing  a g l a s s   f r i t  a t  
t h e  bottom. The e l e c t r o d e  i s  secured  t o  t h e  open  end  of  the 
f r i t t e d   g l a s s   t u b e  by a t e f l o n  s topper .  

The work of Greene et, a1 (12)  has  shown t h e   n e c e s s i t y   f o r  
avoid ing   c rev ices  a t  t h e   e l e c t r o d e - s e a l a n t   i n t e r f a c e -  Thus, t h e  
working  e lectrode or test  e l e c t r o d e  assembly ( F i g u r e  17) is 
essen t i a l ly   t he   one   p roposed  by Stern-Makrides  (13). The use of 
t h i s   t y p e  of e lec t rode   mount ing   a l lows   on ly   t e f lon ,   g lass   and  the 
test specimen t o  c o n t a c t   t h e   s o l u t i o n .  The test e l e c t r o d e  is a 
cy l inder , ,  0.5 c m  ou ts ide   d iameter  x 0.75 c m  long  (10,  13,   71).  

Reference   E lec t rode   Cal ibra t ion  

The r e f e r e n c e   e l e c t r o d e  employed i n   t h i s   s t u d y , ,  namely t h e  
Dynamic Hydrogen E lec t rode  ( D - H . E . ) ,  is a p l a t in i zed   p l a t inum 
e l e c t r o d e   c a t h o d i c a l l y   p o l a r i z e d  a t  a very l o w  c u r r e n t   d e n s i t y  (1 
mi l l i ampere   pe r   squa re   cen t ime te r ) , .   I f   t h i s   e l ec t rode  were 
immersed i n  a solut ion  normal   in   hydrogen  ions a t  25OC i ts  
p o t e n t i a l  would d i f f e r   o n l y   s l i g h t l y  from t h a t   o f   t h e   s t a n d a r d  
hydrogen  electrode. However, t h i s  e l e c t r o d e   o p e r a t e s   i n  t h e  same 
so lu t ion   and  a t  the same t e m p e r a t u r e   a s   t h e  t es t  specimen 
e l ec t rode .  I t  i s  necessary  t o  c a l i b r a t e  t h i s  e l e c t r o d e   p o t e n t i a l  
w i th   r e spec t  to some object ive  reference.   Thus,   the   dynamic 
hydrogen  e lectrode was c a l i b r a t e d  w i t h  r e s p e c t  t o  a s a t u r a t e d  
ca lomel   e lec t rode  a t  t h e  tempera ture   and   so lu t ion   concent ra t ion  
t ha t  e x i s t s   f o r   t h e  test  evaluat ion.   Furthermore,   s ince t h e  
p o t e n t i a l   o f  the sa tu ra t ed   ca lome l   e l ec t rode  is known with 
r e s p e c t  t o  the   s t anda rd   hydrogen   e l ec t rode   fo r  a range  of 
tempera tures ,   (72)   the   po ten t ia l  of t h e  dynamic  hydrogen 
e l e c t r o d e   c a n   e a s i l y  be r e f e r r e d  to  t h a t  of the  s tandard  hydrogen 
e l e c t r o d e .  The c a l i b r a t i o n  w a s  accomplished by immersing a 
s a t u r a t e d   c a l o m e l   e l e c t r o d e   i n  t h e  same s o l u t i o n  a t  t h e  same 
temperature  as  t h e  dynamic  hydrogen  electrode. The a p p r o p r i a t e  
gas  was bubb led   t h rough   t he   so lu t ion   fo r  a per iod  of a t   l e a s t  1 2  
hours.  A t  e q u i l i b r i u m ,   t h e   p o t e n t i a l   d i f f e r e n c e  w a s  noted  and 
t h e  p o t e n t i a l   o f  t h e  dynamic hydrogen  e lectrode w i t h  r e s p e c t   t o  
t h a t   o f   t h e   s a t u r a t e d   c a l o m e l   e l e c t r o d e  a t  t h e  same s o l u t i o n  
temperature  was converted t o  t h a t  of the standard  hydrogen 
e l e c t r o d e  (S ,H.E .  1 a t  25OC. 

Shown below is t h e  measured p o t e n t i a l  of t h e  dynamic  hydrogen 
e l e c t r o d e  ( a t  the indica ted   t empera ture   and   so lu t ion)   wi th  
r e s p e c t  t o  the s tandard  hydrogen  e lectrode a t  25OC f o r  t h e  range 
of t es t  cond i t ions  t o  be encountered,. I t  should  be  noted t h a t  
fo r   bo th   so lu t ions   t he   p re sence  of oxygen  did  not   depolar ize  the 
dynamic   hydrogen   e lec t rode .   Per iodic   ca l ibra t ion   checks  were 
c a r r i e d   o u t   o n   e q u i l i b r a t e d  test s o l u t i o n s   a n d   i n   a l l  cases t h e  
measured   po ten t ia l  w a s  w i th in  f 1 0  m i l l i v o l t s   a s   t h o s e   i n d i c a t e d  
i n   t h e  list below. 
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Solu t ion  

30% K z C 0 3  

30% KZCO, 

30% K 2 C 0 3  

1 0  Normal 

1 0  Normal 
HzSOu 

P o t e n t i a l  of t h e  DHE 
with  Respect t o  t h e  

E q u i l i b r a t i n q  G a s  Temperature SHE 
( O C )  

1 0 0 %  coz 80 

1 0 %  @02 90% Oxygen 80 

100%  Nitrogen or 80  
Oxygen 

1 0 0 %  Nitrogen 90 

100% Nitrogen or 22  
A i r  

-0.582 

-0.690 

-0 - 795 

+O - 097 

+O. 066 

Test Condit ions 

The  recommended m a t e r i a l s  (See Table 4) were p o t e n t i o s t a t i c a l l y  
evaluated  over  a range of condi t ions  which  included  those  out-  
l i n e d   i n   T a b l e  6. The only   depar tures   f rom  the   p ro jec ted  
ope ra t ing   cond i t ions  of t h e   v a r i o u s   s t a g e s   i n   t h e   p o t e n t i o s t a t i c  
eva lua t ion  were the  folPowing: 

1. The  S tage  I m a t e r i a l s  were eva lua ted  a t  800C--the  same 
temperature  a s   p ro j ec t ed   ope ra t ing   t empera tu re  of S tage  
11. This  dec i s ion  w a s  made so t h a t   t h e  number of 
eva lua t ions  would be reduced t o  a minimum. 

2. The S tage  I and I1 m a t e r i a l s  were e v a l u a t e d   i n  a so lu-  
t i o n  of 30% wzight  potassium  carbonate.  (Projected 
so lu t ion   concen t r a t ion  of S tage  I - 2896, of  Stage II- 
31% potassium  carbonate) .  

Nei ther  of t hese   changes   i n   ope ra t ing   cond i t ions  would theor-  
e t i ca l ly  lessen   the   t endency  of a m a t e r i a l  t o  c o r r o d e ;   i n   f a c t ,  
t h e   e l e v a t i o n   i n   t e m p e r a t u r e  would i n c r e a s e  t h e  c o r r o s i o n   i f   t h e  
tendency  exis ted.  It can be seen  from  Table 1 t h a t   t h e   S t a g e  I 
cel l  opera tes   over  a pro jec ted   range  of gas  composition  from  0.5% 
carbon  d ioxide ,   ba lance   a i r ,  t o  57% carbon  dioxide. ,   balance 
oxygen,  and the   S t age  I1 ce l l  from a 57% C 0 2 ,  balance  oxygen, t o  
7995 COzs  balance  oxygen. The Stage I11 gas  composition,,   having 
no i n t e r a c t i o n   w i t h   t h e   e l e c t r o l y t e  may be   cons idered   invar ien t ,  
S i n c e   t h e   a l k a l i n e   s t a g e s  (1 and 11) s o l u t i o n  pH and  anion com- 
pos i t i on   ( ca rbona te   o r   b i ca rbona te   i on )  are dependent upon t h e  
ca rbon   d iox ide   p re s su re   i n   equ i l ib r ium  wi th   t he   so lu t ion ,   t he  
p o t e n t i o s t a t i c   e v a l u a t i o n   s h o u l d ,   s t r i c t l y   s p e a k i n g ,  be carried 
o u t  with the gas  mixtures  mentioned  above. However., it should be 
n o t e d   t h a t   t h e  same r e s u l t s  would be accomplished  by  performing 
the  evaluat ion  with  gas   composi t ions  ranging  f rom 0 t o  100% 
carbon  dioxide  (balance  oxygen).   Thus,   three  gas  compositions 
corresponding t o  maximum carbonate   ion   concent ra t ion  (maximum 
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pH), equal   carbonate   and  bicarbonate   ion  concentrat ion  and 
maximum bicarbonate   ion   concent ra t ion  (minimum pH) were chosen, 
namely: 100% nitrogen.,  1 0 %  carbon  dioxide 90% oxygen,,  and 100% 
carbon  d ioxide .   In   addi t ion  a fou r th   gas ,  100% oxygen, w a s  
employed t o   d i s c e r n   a n y   c o n t r i b u t i o n  of t h i s   o x i d i z i n g   s p e c i e s  
a p a r t  from t h e   e f f e c t  of carbon  dioxide. The p o t e n t i a l   r a n g e  
over  which  the materials a r e  t o  be  evaluated  have  been  estimated 
and a r e   l i s t e d   i n  page  13. The est imated  vol tage  range  of   Stages 
I and I1 o v e r l a p .   I n   o r d e r   t o   s i m p l i f y   t h e   a c q u i s i t i o n   o f   d a t a , ,  
a common range   o f   po ten t i a l s  w a s  selected fo r   bo th   S t ages  I and 
I1 mate r i a l s .  A summary of t h e  test  c o n d i t i o n s   f o r   t h e  
p o t e n t i o s t a t i c   e v a l u a t i o n  of S tages  I, I1 and I11 candidate 
materials i s  shown in   Tab le  6, 

Severa l   o the r   pe r t inen t   ope ra t ing   cond i t ions  are d iscussed  below. 

Solu t ion   Aqi ta t ion  

N o  forced   convec t ion   of   the   so lu t ion  by mechanical means was 
employed dur ing   the   scans   (except   those   caused  by thermal con- 
vect ion) .   Al though t h i s  hydrodynamic s i t u a t i o n  is n o t   d i r e c t l y  
amenable t o   a n a l y s i s  it w a s  chosen so as  t o  approximate  the 
ac tua l   condi t ions   under   which   the  cel l  ope ra t e s .  

Scan  Rate 

The slowest s c a n   r a t e   c o n s i s t e n t  w i t h  t he   po ten t i a l   r ange   o f  
i n t e r e s t  was chosen i n  o rde r   t o   app roach   s t eady- s t a t e   cond i t ions  
of e l ec t rode   ope ra t ion .  It has   been   demonst ra ted   tha t   the  
reproducibi l i ty   of   curves   obtained  f rom  specimens  in   solut ion w a s  
very good i n   t h e   c a s e   o f   s l o w   s c a n s   b u t   i n f e r i o r   i n  t h e  more 
rap id   scans  ( 1 4 )  . 

” 

Test Procedure 

Figure 1 8  shows the   assembly   of   the   convent iona l   th ree   e lec t rode  
cell.  The fol lowing is t h e  tes t  procedure   observed   for   the  
p o t e n t i o s t a t i c   e v a l u a t i o n  of recommended ma te r i a l s .  

1. The material w a s  machined f rom  the   h ighes t   pur i ty  com- 
m e r c i a l l y   a v a i l a b l e   r o d   o r   b a r   s t o c k   i n t o  a cy l inder*  
0.5 centimeter i n  diameter x 0.75 centimeter i n   l e n g t h .  
Table 5 summarizes the   vendor - supp l i ed   ce r t i f i ca t e s  of 
chemica l   ana lys i s   for  a l l  t h e  materials evaluated.  

2. The t es t  e l e c t r o d e  was washed i n  a t r a i n  of organic  
so lven t s   t e rmina t ing   i n  a d i s t i l l e d  water r i n s e .  

3 .  Test  specimen w a s  then  mounted on the  Stern-Makrides 
e l ec t rode   ho lde r  and  placed i n  a polyethylene bag u n t i l  
used. 

*The  exception f o r  the  above  mentioned  geometry  was  platinum  which  was  evaluated in 
the form of a 0.03-inch diameter  wire  sealed  in  glass. 
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FJGURE 18 CONVENTIONAL THREE  ELECTRODE  CELL 
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TABLE 5 METALLIC MATERiALS 
TYPICAL  CHEMICAL ANALYSES 
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4. 

5 .  

6. 

7. 

8. 

9. 

1 0 .  

11. 

The appropr i a t e  test so lu t ion   p rev ious ly   equ i l ib ra t ed  
w i t h   t h e  test g a s  was fu r the r   spa rged   fo r  30 minutes a t  
100 cc's pe r  minute.,  while  being  brought t o  t h e  test 
temperature. 

The test specimen w a s  then  immersed i n   t h e   s o l u t i o n .  

The gas   purge  s topped  and  the  soiut ion  head  space 
blanketed  with test gas. 

The open c i r c u i t  p o t e n t i a l  of t h e  tes t  specimen w a s  
no ted   for  a per iod  of f ive  minutes .  

The p o t e n t i o s t a t i c   s c a n   c y c l e   o f   t h e  test specimen was 
made from t h e   c a t h o d i c  t o  t h e   a n o d i c   p o t e n t i a l   o f   t h e  
desired  range. The reverse   scan  completed  the  cycle .  
This cycle was repeated a second time. 

The t e s t  electrode was then  placed a t  open c i r c u i t  a t  
the  completion  of  the  second  cycle.  

If a s i g n i f i c a n t   c u r r e n t  w a s  observed  during  the  scan 
t h e  t es t  specimen w a s  removed  from so lu t ion   and   t he  
specimen w a s  e i t he r   ab raded  or chemically  etched. I f  
no s i g n i f i c a n t   c u r r e n t  was observed   the  test e l ec t rode  
w a s  r i n s e d   i n  distilled water and   p laced   in  a 
polyethylene  bag until used. 

Steps 3 t o  9 were r e p e a t e d   u n t i l   a l l   f o u r   g a s   s o l u t i o n  
tests were completed. 

For any test specimen  which  reached t h e  oxygen  evol- 
u t i o n   p o t e n t i a l   p r i o r  t o  completion  of  the  scan  range 
the   eva lua t ion  of the   poss ib l e   co r ros ion  of t h e  metal 
i n   t h i s   r e g i o n  was obtained by main ta in ing   the  
p o t e n t i a l  of t h e  tes t  electrode a t  t h e  most p o s i t i v e  
p o t e n t i a l  of t he   vo l t age   r ange   fo r  a s u f f i c i e n t  time t o  
develop a d e t e c t a b l e  amount of   the  corrosion  product .  
The s o l u t i o n  was then   spec t rog raph ica l ly   ana lyzed   fo r  
the  metal   under  tests. 

Electrochemical  Corrosion Test Resu l t s  

P r i o r  t o  d iscuss ion  of t h e   p o t e n t i o s t a t i c  test r e s u l t s  it may be 
d e s i r a b l e  t o  d e p i c t   i n  a genera l  way the  expected  form  of   the 
cur ren t   vo l tage   curve   for   the   cor ros ion   behavior  of a metallic 
mater ia l .  Shown i n   F i g u r e  1 9  is the   anodic   po lar iza t ion   behavior  
o f  a metal M undergoing  the  fol lowing  corrosion  react ion,  M- 
M+ + e. This  curve i s  obtained by v a r y i n g   t h e   p o t e n t i a l  of t h e  
m e t a l   ( p o t e n t i o s t a t i c   c o n t r o l )   r a t h e r   t h a n   t h e   c u r r e n t .  A 
logar i thmic   cur ren t  scale is used  s ince  the  range  of   current  
dens i t i e s   encoun te red   fo r   t he   ac t ive   and   pas s ive   d i s so lu t ion  
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TABLE 6 

POTENTIOSTATIC TEST CONDITIONS 

Temperature 

E l e c t r o l y t e  

P o t e n t i a l  Range* 

Stage r Staqe Staqe 111 

aooc  a ooc 9 ooc 

30% K 2 C 0 3  30% K 2 C 0 3  1 0  N H 2 S O 4  

0.9 "3 2.1 0..9 + 2.1 0.75- 1.75 

*w.r.t. DHE 

r a t e s  may d i f f e r  by several   orders   of   magni tude.  A t  some appl ied  
p o t e n t i a l  (a) t h e   d i s s o l u t i o n  of t h e  metal   begins   (corrosion) .  
A s  the  p o t e n t i a l  i s  made more anodic,  a po in t  (b)  i s  reached 
which  corresponds t o  t h e   f i r s t   a p p e a r a n c e  of t h e   p a s s i v e   s t a t e  of 
t h e  metal. The cor responding   cur ren t   dens i ty  a t  poin t   (b)  is 
c a l l e d   t h e   C r i t i c a l  Anodic Current  Density. The p o t e n t i a l  
corresponding t o  p o i n t   ( c l  is o f t e n   t h e  minimum potent ia l   needed 
fo r   pas s iva t ion   o f   t he  metal. The cur ren t   dens i ty   cor responding  
t o  l i n e  (c-d) is t h e   d i s s o l u t i o n   r a t e  of t h e   m e t a l   i n  t h e  pass ive  
s ta te ,  whi le   the   l ength  of t h i s   l i n e   i n d i c a t e s   t h e   v o l t a g e   r a n g e  
of   pass iv i ty ,  A t  po in t  (d l  ca l l ed   t he   T ranspass ive   Po ten t i a l   t he  
metal cor ros ion  ra te  aga in   increases  w i t h  t h e  evolut ion of 
oxygen. 

The fol lowing  discussion of po ten t io s t a t i c   cu r ren t   vo l t age   cu rves  
f o r   t h e  recommended ma te r i a l s  is d iv ided   i n to  t w o  sec t ions :  1) 
t hose  materials e v a l u a t e d   i n  the potass ium  carbonate   e lec t ro ly te  
(Stages I and 11) and 2 ) ,  t hose  materials e v a l u a t e d   i n  the  
s u l f u r i c   a c i d  electrolyte (Stage 1111.. 

1. Potassium Carbonate   Electrolyte  

I ron:   Fiqures  20-23 

I ron  shows a s t ead i ly   i nc reas ing   co r ros ion  from 0.9 v o l t  up t o  
t h e  oxygen  evolut ion  potent ia l .  T h i s  c o r r o s i o n   r a t e  is not  
s i g n i f i c a n t l y   d i f f e r e n t   f o r  the  nitrogen  and oxygen scans;  
however, a t  a g i v e n   p o t e n t i a l   i n  t h e  above  range  there i s  an 
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i nc rease   i n   co r ros ion   w i th   i nc rease   i n   ca rbon   d iox ide   p re s su re .  
For example., a t  1..3 v o l t s   i n   n i t r o g e n   s a t u r a t e d   s o l u t i o n ,   t h e  
co r ros ion  ra te  i s  20 microamps wh i l e   i n   t he   ca rbon   d iox ide   s a tu r -  
a t e d   s o l u t i o n   t h e  rate is 50 microamps. It should   be   no ted   tha t  
t h e  oxygen  evolu t ion   po ten t ia l   a l so   increases   in  a more anodic 
d i r e c t i o n  as the  carbon  dioxide  pressure  increases .  

Platinum:  Fiqures 24-27 

N o  cor ros ion  was noted for p la t inum  over   the   po ten t ia l   range  0 4  
1 . 4  vo l t s .  The small peak  noted a t  0.85 v o l t  i s  probably  due t o  
the   format ion  of some oxide of platinum. The a n o d i c   c u r r e n t   a t  
cons tan t   po ten t ia l   (cor responding  t o  t h e  peak   po ten t i a l )   r ap id ly  
decreases   to   zero .  

The reduction  peak  noted a t  0..75 v o l t  would correspond t o   t h e  
reduct ion   of   the   ox ide   l ayer   formed  dur ing   the   anodic  sweep.  The 
increas ing   cur ren t   no ted  a t  approximately 1 . 4  v o l t s  i s  due to t h e  
evolution  of oxygen. The r educ t ion   cu r ren t   no ted   du r ing   t he  
oxygen  scan is due t o  the  reduction  of  oxygen a t   p o t e n t i a l s  
ca thodic  t o  0.95 (during  the  anodic  sweep),,  and a t  p o t e n t i a l s  
ca thodic  t o  0.85 vol t   (dur ing   the   ca thodic   sweep) .  The 
d i f f e r e n c e   i n   t h e  oxygen  reduct ion  potent ia l  i s  assumed  due to 
t h e   o x i d e   l a y e r  formed a t   t h e  more anod ic   po ten t i a l s .  It should 
be n o t e d   t h a t   t h e  oxygen e v o l u t i o n   p o t e n t i a l  was not   no ted   in  the 
case  of the  carbon  dioxide  scans up t o  p o t e n t i a l s   a s   h i g h   a s  2.0 
vo l t s .   Th i s   appa ren t   i nc rease   i n   t he  oxygen  over-potential  is 
n o t   e x p l a i n a b l e   a t   t h i s  time. The observed  current  a t  a cons tan t  
p o t e n t i a l  of 0 and 2.0 v o l t s  shows an  exponential  decrease with 
time t o  zero   cur ren t .   S ince   the   oxygen   evolu t ion   po ten t ia l  w a s  
reached   pr ior  t o  completion of the   scan   range   the   de te rmina t ion  
of poss ib l e   p l a t inum  co r ros ion   i n   t h i s   r eg ion  was done by t h e  
method o u t l i n e d   i n   t h e   s e c t i o n  Test Procedure. The r e s u l t s  of 
t h i s  test  ind ica te   an   average   cor ros ion  of less than  0.5 m i l  pe r  
yea r  a t  2 . 1   v o l t s  (see Appendix IV). 

Nickel :  Fiqures  28-31 

The co r ros ion   o f   n i cke l   i n   t he  oxygen  and n i t r o g e n   e q u i l i b r a t e d  
s o l u t i o n s   a p p e a r s   a t  a p o t e n t i a l  of approximately  1 .3   vol ts ,  a t  
which p o i n t   f u r t h e r   i n c r e a s e s   i n   p o t e n t i a l  resul ts  i n  a l a r g e  
inc rease   i n   cu r ren t   ( approx ima te ly  1 - 2 mill iamperes a t  the  peak 
potent ia .1   of  1 . 4 5  v o l t s ) .  A t  more anod ic   po ten t i a l s  a s l i g h t  
d e c r e a s e   i n   c o r r o s i o n   r a t e  takes p l a c e   p r i o r   t o  the evolu t ion  of 
oxygen. The c a t h o d i c   s c a n   r e s u l t s   i n  a double  peak  corresponding 
t o  the  reduct ion  of   the  anodical ly   formed  nickel   oxides .  Ra the r  
l a r g e   i n c r e a s e s   i n   c o r r o s i o n  rate a t   p o t e n t i a l s   c a t h o d i c  t o  t h e  
f irst  oxidation  peak are appa ren t   i n   t he   ca rbon   d iox ide  
equ i l ib ra t ed   so lu t ions   wh i l e   t he   cu r ren t   co r re spond ing   t o  the  
appearance of t h e   f i r s t   o x i d a t i o n  peak  remains  approximately  the 
same. A s teady-s ta te   cor ros ion   ra te   o f  200 microamps a t  a 
cons t an t   po ten t i a l  of 1 . 4 2  vol ts   (corresponding to  t h e   f i r s t  
anodic  peak)  which was observed i n   n i t r o g e n  and  carbon is 
equiva len t  t o  a corrosion ra te  of 66 m i l s  per   year .  



Monel 400: 
" 

Fiqures  32-35 

Monel 400 e x h i b i t s   t h e  same general   corrosion  behavior  as does 
nickel   with  the  fol lowing  except ions,   In   the  ni t rogen  and oxygen 
s a t u r a t e d   s o l u t i o n s  a s ingle   peak  appears   during  the  cathodic  
scan.  Although  the  anodic  peak  appears a t  approximately t h e  same 
po ten t i a l   t he   co r re spond ing   cu r ren t  is  somewhat lower (as is also 
t h e  case for  the   C0 ,equ i l ib ra t ed   so lu t ion ) .  The . s teady-s ta te  
cor ros ion  rate a t  a cons tan t   po ten t ia l   cor responding  to  t h e   f i r s t  
anodic   peak   for   carbon  d ioxide   equi l ibra ted   so lu t ions  i s  an  order  
of  magnitude  higher  than  that  of t h e   n i t r o g e n   s a t u r a t e d   s o l u t i o n  
(a t  1.38 volts 60 microamps f o r   n i t r o g e n ,  800  microamps f o r  
carbon  dioxide) .  

Zirconium:  Fiqures 3 6-3 9 

Zirconium shows  no corrosion  between 0.9 v o l t  up t o  t h e  oxygen 
evolu t ion   po ten t ia l ,   and  is independent of t h e  na tu re  of t h e  
equi l ibra t ing   gas .  A c o n s t a n t   p o t e n t i a l  test  of 2 .1  v o l t s   i n  
n i t rogen   s a tu ra t ed   so lu t ion   p ro j ec t s  a c o r r o s i o n   r a t e  of less 
than  7 m i l s  per  year.. (See Appendix IV) 

- Tin:  Fiqures 40-43 

The c o r r o s i o n   r a t e   o f   t i n   i n   n i t r o g e n   a n d  oxygen  and COz e q u i l i -  
b ra t ed   so lu t ions  is excessive over t h e  range of po ten t i a l s   i n -  
ves t iga t ed  ( 0 . 9  t o  2 . 1  v o l t s ) .  The absence of c o r r o s i o n   i n   t h e  
1 0 %  carbon  d ioxide   equi l ibra ted   so lu t ion   cannot   be   expla ined  w i t h  
the  l imi t ed  d a t a   a t  hand. 

Copper:  Fiqures 44-45 

The cor ros ion  ra te  of  copper i n   n i t r o g e n   s a t u r a t e d   s o l u t i o n  is a 
maximum a t  0.9 v o l t  w i t h  p a s s i v a t i o n   o c c u r r i n g   a t  more anodic 
p o t e n t i a l s .  However, t h e   p a s s i v a t i o n   d i s s o l u t i o n   r a t e  i s  
appreciable   and  increases  up t o  t h e  oxygen evo lu t ion   po ten t i a l .  
Somewhat reduced  ra tes  are noted  with t h e  oxygen sa tu ra t ed  
so lu t ion .  The cor ros ion  of copper i n  carbon  dioxide  saturated 
s o l u t i o n s  a t  0.9 v o l t  was g rea t e r   t han  1 4 0  mill iamperes  per 
square  cent imeter .  

Titanium:  Fiqures 46-49 

N o  evidence of cor ros ion  is noted   for   t i t an ium  over   the   range  of 
p o t e n t i a l  0.9 v o l t  up t o  t h e   p o t e n t i a l  of t h e  oxygen  evolution. 
A c o n s t a n t   p o t e n t i a l  t es t  a t  2 . 1  v o l t s   i n   n i t r o g e n   s a t u r a t e d  
s o l u t i o n   i n d i c a t e s  a cor ros ion  rate of less than 4 .5  m i l  pe r  
year.  
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2 .  Sulfur ic   Acid Electrolyte 

Platinum:  Fiqures 50-51 

N o  cor ros ion  w a s  no ted   fo r   p l a t inum  ove r   t he   po ten t i a l   r ange  of 
zero v o l t s  up t o  t h e  oxygen  evolut ion  potent ia l .  The small 
corrosion  peak  noted a t  1 - 2  v o l t s  is most  probably  due t o  t h e  
formation of an oxide of platinum. When t h e   p o t e n t i a l  of t h e  
e l e c t r o d e  was h e l d   a t  a poin t   cor responding   to  t h i s  cor ros ion  
peak the   cur ren t   d i sp layed   immedia te ly  decreased t o  zero. The 
reduction  peak  noted a t  approximately 0.75 v o l t  is probably  the 
reduct ion  of t he   ox ide  formed  during t h e  anodic  scan. The curve 
obta ined   wi th   the   oxygen   sa tura ted   so lu t ion  is e s s e n t i a l l y   t h e  
same a s   t h e   o n e   o b t a i n e d   w i t h   t h e   n i t r o g e n   s o l u t i o n   w i t h   t h e  
except ion of t h e  oxygen reduct ion  wave noted a t  0.85 v o l t .  A 
cons t an t   po ten t i a l  test a t  1 . 7 5   v o l t s   i n  Nz s a t u r a t e d   s o l u t i o n  
ind ica t e s   an   ave rage   co r ros ion  rate of 2.4 m i l s  per year.  

Tantalum:  Fiqures 52-54 

N o  corrosion was ev iden t   fo r   t an t a lum  ove r   t he   po ten t i a l   r ange  
examined,  0.75 v o l t   t o  1.75 v o l t s ,   f o r   n i t r o g e n ,  oxygen or 
carbon  d ioxide   sa tura ted   so lu t ions .  

Zirconium: Fiqures  55-57 

Zi rconium  d isp lays   essent ia l ly  no cor ros ion  up t o  p o t e n t i a l s  of 
1 .25  vol ts   wi th a modera te   increase   in   cor ros ion  beyond t h i s  
p o t e n t i a l  t o  t h e  maximum observed   po ten t ia l  of 1.75 vo l t s .  The 
c o r r o s i o n   a t   1 . 7 5   v o l t s  is approximately 30 microamps. This 
corresponds t o  an  average  corrosion  ra te  of s l i g h t l y  less than 1 0  
mils per   year .   This   corrosion ra te  is independent  of  the 
sa tu ra t ing   gas .  

Niobium: Fiqures  58-59 

Niobium i n d i c a t e s  a cor ros ion  rate i n   n i t r o g e n   s a t u r a t e d  s o l u -  
t i o n s  of approximately 30 microamps a t   t h e  maximum observed 
anodic   po ten t ia l  of 1 .75  vol ts .   This   corrosion rate is 
equiva len t  t o  6 mils per  year.  A s l i gh t ly   h ighe r   co r ros ion  rate 
is observed  in  oxygen sa tu ra t ed   so lu t ions   and  is constant  and 
independent of po ten t i a l   ove r   t he   r ange  of 0..75 t o  1.75  volts.  

Nionel  (Incoloy) 825: Fiqures  60-61 

This  a l loy d i sp lays  no cor ros ion  below p o t e n t i a l s  of 1.05 v o l t s ;  
however, a t  a p o t e n t i a l   s l i g h t l y   p o s i t i v e  t o  1.1 v o l t s   a n  ex- 
ces s ive   co r ros ion   r a t e  i s  noted. T h i s  c o r r o s i o n '   r a t e  is 
independent of t h e   s a t u r a t e d   g a s -  
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3.1.3 Chemical  Immersion Test ing 

T h i s   t e s t i n g   c o n s i s t e d  of preparing  coupons (2" x 2") o f   t h e  
s e l e c t e d  metallic mater ia ls , ,   conduct ing  pre- tes t   and  post- tes t  
examinations  including  measurements  of  weight,  thickness  and 
electrical  resis tance.   Metal lurgical   examinat ions  of   the  samples  
were conducted  pr ior  t o  and  following  the  chemical  immersion 
tests and are d e s c r i b e d   i n   S e c t i o n  3.1.4. 

Two inch   square   coupons   o f   the   se lec ted   mater ia l s  - Platinum,, 
Zirconium,  Titanium  and  Tantalum - were prepared  for  chemical 
immersion  testing. Each  sample was photographed  and  measured  for 
weight,   thickness,   and electrical  r e s i s t a n c e .   C e r t i f i c a t i o n s   o f  
chemical  composition of t h e  materials were provided by t h e  
manufacturers  and are l isted i n   T a b l e  5. 

The tes t  equipment was made ava i lab le   f rom  Cont rac t  No. NAS3-7638 
and  provided  the  environmental  t e s t  cond i t ions   necessa ry   fo r   t h i s  
evaluat ion.   Individual   beakers  were placed  in   the  compartments  
of t h e  test apparatus  shown i n   F i g u r e  62. G a s  flow rates and 
beaker water l e v e l s  were adjus ted   f rom  the   cont ro l   pane l   ex te rna l  
t o  t h e  tes t  chambers.  Temperatures of the  var ious  beaker  
s o l u t i o n s  were ind ica t ed  by thermometers. The evaporation rates 
i n   t h e   h u m i d i f i e r s  were l o w  because  of   the l o w  g a s   f l o w   r a t e s   ( i n  
the   reg ion   of   10  t o  15  cc/min)  and make-up water w a s  added as  
requireb.  

Photographs  of  the  sample  materials were t a k e n   p r i o r  t o  and 
fo l lowing   t he  immersion tests. Black  and  white  photographs  did 
not  show the   f i ne   shades   o f   d i sco lo ra t ion   obse rved .   Th i s  w a s  
a t t r i b u t e d   t o   t h e   s u r f a c e   l u s t r e  of the  mater ia ls   themselves   and 
l i g h t i n g   c o n d i t i o n s   a l s o  were found t o  a c c e n t   c e r t a i n   e f f e c t s .  
For   these   reasons   the  color changes  observed are l i s t e d   i n   T a b l e  
7-Metall ic Materials Immersion T e s t ,  Data Summary. 

3.1.3.1  Resistance  Measurements of Meta l l ic  T e s t  Specimens 

One of several   pre  and  post-test   measurements  required t o  
d e s c r i b e   c h a n g e s   i n   t h e   n a t u r e  of t h e   m e t a l   a s  a r e su l t   o f   l ong  
term exposure is the   change   i n  e lectr ical  conduct ivi ty .  The 
method  of  measurement  which was adopted w a s  based  on  the 
following  philosophy: a )  t h e   i n t e n t  of t h e  measurement is t o  
de termine   changes   in   res i s t iv i ty   due  t o  the  formation of su r face  
f i l m s  a s  opposed t o  b u l k  r e s i s t i v i t y  measurements, b) due t o  , i n -  
he ren t   l imi t a t ions   i n   s ample   s i ze   d i c t a t ed  by contract ,   (mainly 
small th ickness  0.004 -0.04 inch)   the   absolu te   va lue   o f  re- 
s i s t i v i t y  is beyond t h e   c a p a b i l i t y  of convent iona l   res i s tance  
bridges.  As a resu l t   the   measur ing   technique  i s  not   intended t o  
y ie ld   abso lu t e   va lues   o f   r e s i s t ance   bu t   r a the r   r e l a t ive   ones .  

Figure 63  shows t h e  t es t  f i x t u r e   u s e d   f o r   r e s i s t a n c e  measure- 
ments. The f i x t u r e  was constructed from a 3/8 i n c h   t h i c k   l u c i t e  
p l a t e .  An oval  w a s  removed from the   geomet r i c   cen te r  of t h e  
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FIGURE 62 CARBONATION CELL  SYSTEM,  STAGES I, II AND Ill MATERIALS 
E NVIRONME  NTAL EXPOSURES TEST STAND 



TABLE 7 

METALLIC  MATERIALS  IMMERSION TEST - 
DATA SUMMARY 

E x p o s u r e  Condi- 
t i ons  (1) ,, T e s t  
Sample,, and Ex- 
posure Time 

(Hrs x 1 0 2 )  
I -P t -2  (5 1 
I -P t -4  
I -P t -6  
I -P t -10  

I-Zr-2 
I-Zr-4 
I-Zr-6 
I-Zr-10 

- 
11-Pt-2 
11-Pt-4 
11-Pt -6  
11-Pt-10 

11-Zr-2 
1 1 - Z r - 4  
11-Zr-6 
11-Zr-10 

11-Ti-2 
11-Ti-4 
11-Ti-6 
11-Ti-10 

111-Ta-2 
111-Ta-4 
111-Ta-6 
111-Ta-10 

(1) See T a b l e  I 

( C  
I n i t i a l  

5.7342 
5.7931 
5.5391 
5.7550 

14 .2601  
14.6050 
14 .5590 
14.5100 

5.6192 
5.7530 
2.7562 
2.8326 

14.1848 
14.1840 
14.6050 
14 .3970 

8.0150 
8.1190 
8.0976 
8.1030 

24.4610 
23.9630 
24.3429 
24.4795 

Weight 
(micro-ohm) (In.  1 ;R 1 

(3) Resistance T h i c k n e s s  

F i n a l  I n i t i a l  I F i n a l  ( 4 )  I n i t i a l  I F i n a l   ( 2 )  
- 

- 

- 

- 

- 

- 

- 

5.7344 

4 5  30 0.0041 0 .0041 5.7554 
88  25 0.0040 0.0040  5.5397 
1 9   3 2  0.0042  0.0043  5.7941 
50  30 0.0043 0.0043 

0.0042* 29* 

14.2588 0,. 0321  

1 7 2 . 4 5 ~ 1 0 ~   1 6 3 5   0 . 0 3 1 9  0.0319  14.  SO91 
2 3 . 8 9 ~ 1 0 3  1335  0.0319  0.0320 14.5573 
2 6 . 7 9 ~ 1 0 ~  1 6 3 5  0.0320  0.0319 14.6046 

8 . 5 2 ~ 1 0 3  1 4 8 5  0.0319 

0.0320* 1407* 

5-6192 

55 30  0.0041 0 .0041 2.8329 
28 30 0.0038  0.0039 2.7570 
3 3  30 0.0042  0 .0041 5.7533 
45  25  0.0041  0.0040 

0.0040" 29* 

14,1828  0 .0318 

1 4 2 . 7 9 ~ 1 0 3  1185  0.0320 0 .0321 14.. 3947 
1 7 9 . 1 2 ~ 1 0 3   1 2 6 0   0 . 0 3 1 9  0.0321  14.6027 
1 3 0 . 4 5 ~ 1 0 3   1 4 8 5   0 . 0 3 1 9  0.0321  14.1822 

2 7 . 8 5 ~ 1 0 3  1 2 3 5  0.0318 

0.0320* 1407* 

7.8766 

0.65~103 4 5 5  0.0275  0 .0281 7.9264 
6 .14x103 50 5 0.0276  0.0282 8.0093 
0. 9 7 ~ 1 0 ~  49 5 0.0277  0.0282 8.0549 
6 . 8 7 ~ 1 0 3  335 0.0276 0 -0278  

0.0281* 47 3* 

24.4597 

3 3 3 . 1 2 ~ 1 0 3  2335 0.0223 0.0220 24.4784 
2 3 8 . 6 0 ~ 1 0 ~  2710  0.0222 0.0223 24.3420 
1 3 4 . 7 9 ~ 1 0 3  2335 0.0218 0.0218  23.9619 
1 1 9 . 9 5 ~ 1 0 ~  2685  0.0222 0.0224 

0,0221"  2541* 

for exposure test condi t ions .  
( 2  1 Average value for  f i v e  measurements. 
(3)  Cross S e c t i o n a l  area of contact e l e m e n t  

= 0.0156 i n z  (118  in .  sq) 
( 4 )  Average values for  three (3)  measurements 
(5)  Designation for P l a t i n u m  sample tested 

for 200 hours a t  exposure 1 conditions. 
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S i l v e r y  
b r i g h t  
f i n i s h  

Si lver  
w h i t e  t o  

f i n i s h  

Si lver  

f i n i s h  

Metallic 

- 

O b s e r v a t i o n  
a1 

F i n a  1 
. 

.~ . _  . .~ - 

N o  change 
N o  change  
No change 
N o  change  

~~~ .. ~ "~ 

Whiter  cast 
~t B r  cast  
L t  B r  cast  
Gld B r  cast  

~~ 

N o  change  
N o  change 
N o  change  
N o  change 

Whi te r  cast  
Whi te r  cast 
L t  B r  cast 
Lt G y  cast  

~ .. 

Y1-br cas t  
Brown cast  
81 Blk 
G y  Blk  

" ~~ 

N o  change  
N o  change 
N o  change  
N o  change  

Solu t i l  
I n i t i a l  
__ 

Clear 
Clear 
Clear 
Clear 

'Clear 
Clear 
Clear 
Clear  

__ 

Clear 
Clear 
Clear 
Clear 

Clear 
Clear 
Clear 
Clear 

. -. "~ 

Clear 
Clear 
Clear  
Clear 

~~ 

Clear 
Clear 
Clear 
Clear 

n 
F i n a l  

- - ~~ 
~ ~~ ~~ 

N o  change 
N o  change 
N o  change 
No change  

~ 

N o  change 
N o  change 
N o  change 
no change  

N o  change 
NO change 
N o  change 
N o  change 

N o  change 
N o  change 
No change  
N o  change 

N o  change 
N o  change 
No change 
No change 

- 

N o  change  
N o  change 
N o  change  
N o  change  

t 
I 

P e r   C e n t  
chanue  

Weight   Thickness  

0.004 
0.017 
0.011 
0.007 

-0.009 
-0.003 
-0.012 
-0.. 006 

0.000 
+0.005 
+O. 029 
+o. 011  

-0.014 
-0.013 
-0.016 
-0 . 016 

."~ . "~ 

-0.354 
-0.790 
-1.090 
-0.945 

-0.005 
-0.005 
-0.004 
-0.004 

NOTE : 
* A v e r a g e   v a l u e   f o r   t h e   f o u r   m e a s u r e m e n t s  

€31 - Blue  
Blk - Black  
Er - Brown 
Gn - Green 

Gy - Gray 
G l d  - Gold 
L t  - L i g h t  
Y 1  - Y e l l o w  

-2.3 
-2.0 

N o  Change 
N o  Change 

-0.62 
0.31 

-0.31 
No Change 

2.5 
2.4 

-2.6 
N o  Change 

No Change 
-0.62 
-0.62 
-0.31 

-0.72 
-1.8 
-2.1 
-2.1 

-0.89 

-0.45 
1 . 4  

No Change 

Change 
Micro-Ohms 
R e s i s t a n c e  

20 
-13 

6 3  
1 5  

7 . 0 3 ~ 1 0 3  
25.  15x103 

2 2 5 . 5 0 ~ 1 0 3  
170. 82x103 

20 
3 

- 2  
25 

2 6 . 6 2 ~ 1 0 3  
1 2 8 . 9 7 ~ 1 0 ~  
177. 86x103 
1 4 1 . 6 0 ~ 1 0 ~  

6 .  53x103 
0 . 4 8 ~ 1 0 3  
5. 63x103 
0. 19x103 

1 1 2 .  27x103 
132.  45x103 
235.  88x103 
330.  78x103 



plate. A 1 / 4  inch s l o t  a t  one  end of the   p l a t e   ( fo rming  t w o  
jaws) allows f o r  test sample  mounting  between t h e   s i l v e r  t es t  
electrodes.   Variable   compression w a s  appl ied  through  the test 
f i x t u r e  jaws t o  t h e  tes t  samples between the   e l ec t rodes .  The 
s i l v e r  test  electrodes  (1/8  inch  square)  were secured t o  t h e  jaw 
p l a t e s  by set screws. 

A General Electric Kelvin  double  bridge was employed for t h e  test 
measurements. The minimum r e s i s t a n c e   c a p a b i l i t y  of t h e  
instrument  i s  100  micro-ohms  and t h e  minimum reso lu t ion  (smallest 
d i a l   d i v i s i o n )  is 5 micro-ohms. The d i a l  readout is l i n e a r  so 
t h a t   t h e  5 micro-ohms r e s o l u t i o n   a p p l i e s  up t o   t h e  maximum d i a l  
reading. 

The General Electric Company br idge was checked by running a 
known current   through a piece  of  118  inch x 118   i nch   s i l ve r   ba r  
22 inches  long  and  measuring  the  voltage  between t w o  po in t s  20 
inches   apar t .  A voltage  drop  of 1 0 . 2  m i l l i v o l t s  was measured 
with a John  Fluke  voltmeter  with 10,.0 amps flowing  through t h i s  
s i l v e r   b a r .  Thus, the   bar   had  a r e s i s t a n c e  of 51 micro-ohms. 
T h i s  compares w e l l  w i th   t he   ca l cu la t ed   va lue  of 4 1  micro/ohms for  
a p u r e   s i l v e r   s q u a r e   b a r  a t  20OC s i n c e   t h e  t e s t  bar   did  not  
appea r   t o  be per fec t ly   square .  The br idge was then  used t o  
measure  var ious  sect ions  of   the   s i lver   bar   for   comparison 
purposes   and  correlat ions were exce l l en t .  

The s i l v e r  test e l ec t rodes  were b u t t e d  toge ther  t o  determine  the 
base l i n e   r e s i s t a n c e  of t h e  test  assembly. T h i s  was found t o  be 
215 x 10-6 ohms. This   r e s i s t ance  w a s  a composite  of  the  contact 
r e s i s t a n c e  of t h e   s i l v e r   e l e c t r o d e  t o  t h e   s i l v e r   e l e c t r o d e  and 
t h e  r e s i s t ance   o f   t he   s i l ve r   e l ec t rodes   t hemse lves .  

The tes t  metal  samples were c u t  from 2 inch wide f o i l   u s i n g  a 
squaring  shear .  The nominal  dimensions  of  the test samples were 
2 inches  square.  The individual   sample  thickness  w a s  obtained 
with a micrometer and a r e   l i s t e d   i n   T a b l e  7. The metals were 
washed i n  a t r a i n  o f   o rgan ic   so lven t s   t e rmina t ing   i n  a d i s t i l l e d  
water r i n s e  and a i r  dried.  Subsequent  handling of the  samples 
was c a r r i e d   o u t   u s i n g   p l a s t i c   g l o v e s .  The test samples were 
p l a c e d   i n   t h e  test f i x t u r e  and s l i g h t l y  compressed  between  the 
s i l v e r  test electrodes. The r e s i s t a n c e  was then  noted as  a 
function  of  increasing  compression. 

3.1.3.2  Conclusions 

Examinations  conducted  on  the metallic material   samples  before 
and af ter   the   chemical   immersion tests included  measurements  of 
weight ,   th ickness   and  res is tance of the   meta ls   and   a l so   v i sua l  
observat ions  of   the  metals and t h e  test  so lu t ions .  The pr ior   and 
pos t  tes t  measurement da t a  and v i s u a l   o b s e r v a t i o n s   a r e  summarized 
i n  Table 7. 
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Weiqht 

The ne t   ga in   o r   l o s s   o f   we igh t   o f   t he   i nd iv idua l  sample materials 
exposed t o   t h e   S t a g e  I, I1 and I11 test  condi t ions  was less than  
0.03 percent  except  for  Titanium  (Exposure 11) which  had a loss 
of   1 .09  percent   for   the 600 hour tes t  specimen. 

The Titanium 1 , 0 0 0  hour test sample  (Exposure 11) showed a 0.945 
percent   loss .  It was observed   tha t   the  maximum gain or l o s s   f o r  
a l l  the   o ther   samples   usua l ly   occur red  a t  t h e  400  o r  600 hour 
test  points.  Zirconium showed t h e  same weight  loss(0.0l6  per- 
c e n t )  a t  t h e  600 hour  point  and  the 1000 hour   po in t   i n   t he   S t age  
I1 exposure.  Platinum was the   on ly  material t o  show a weight 
increase ,  which w a s  very  s l ight ,   approximately 0.017 percent  
maximum and th i s   occu r red   i n   bo th   t he   S t age  I and  Stage I1 
exposures. 

Thickness 

Thickness  measurements were made t o  1 x inches.  The maximum 
recorded  change was a l o s s  of 2 . 6  p e r c e n t   f o r   p l a t i n u m   a t  600  
hours   in   S tage  I1 exposure. The percent   change  of   thickness   in  
a l l  cases w a s  of t h e  same order   as   the   accuracy   of   the   readings .  
S i n c e   t h e  maximum percent  change  did  not  exceed t h e  acc'aracy  of 
t he   r ead ings  it is concluded  that  no  change in   t h i ckcess   occu r red  
du r ing   t he  1 0 0 0  hour  immersion tests. 

Resis tance 

Platinum  exhibited t h e  least change i n   r e s i s t a n c e   i n   b o t h   S t a g e  I 
and  Stage I1 alkal ine  exposures .  The average  value  for  t h i s  
change was approximately 25  micro ohms. The o the r   ma te r i a l s  
exhib i ted  much larger   increases   varying  f rom 2 x l o 3  t o  300 x l o 3  
micro ohms. Data  obtained  for  zirconium  for  both  Stages I and 11 
exposures showed comparable  changes  for  the same test durat ions.  
It should be n o t e d   t h a t   t h e  maximum change i n   b o t h  t h e  Stage I 
and  Stage II exposures  for  zirconium  occurred a t   t h e  600 hour 
t es t  time. Ti tan ium  resu l t s  were c y c l i c   a l s o .  The 400 hour and 
1 0 0 0  hour  values were lower  than t h e  600 hour  data. 

Tanta lum  res i s tance   da ta   ind ica te   an   a lmost   l inear   increase   in  
res i s tance   wi th  time a f t e r   t h e  200  hour   point  w i t h  a 330 x l o 3  
mirco ohm i n c r e a s e   i n  1 0 0 0  hours. 

3.1.4 Metallusqical  Examinations 

Metallurgical  examinations  of  the  samples  of  platinum.,   t i tanium,,  
zirconium  and t an ta lum,  which were subjec ted   to   the   chemica l  i m -  
mersion tests in  accordance  with  Table l., were conducted by t h e  
TRW Materials Laboratory.  Samples i n  t h e  "as  received"  condition 
( blank 1 were used f o r  comparison  purposes. The a lka l ine   and  
a c i d  test  so lp t ions  were presented  for   chemical   analyses   in  
conjunction  with  these  examinations.  The f ind ings  from t h e  
var ious  tests conducted are summarized as   fo l lows   wi th   t abula ted  
d a t a  shown i n  Table 8 .  
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3.1.4.1 X-Ray D i f f r a c t i o n  

X-ray d i f f r a c t i o n   a n a l y s e s  were conducted   wi th  N i  - f i l t e r e d  cu K 
r a d i a t i o n .  The d i f f r a c t i o n   p a t t e r n s   c o v e r e d   t h e   a n g l e  28 range  
from 20° t o  600,  which  corresponds t o  "d"   spac ings  of 4 . 4 4 ~  t o  
1.54A.  Each of t h e   m a t e r i a l s  w a s  examined i n  b o t h   t h e  "as 
rece ived"   (b lank)   and   the   1000  hour   exposure   condi t ions .  The 
tantalum  and  plat inum samples were u n a f f e c t e d  by t h e  immersion 
tests, but  t h e  11-Zr-10  hour  sample,  and a l l  four t i t a n i u m  
samples  showed some change.  The  11-Zr-10  hour  pattern showed a 
s i n g l e ,  small peak a t  2.36A which w a s  u n d e t e c t a b l e   i n   t h e  
specimens  with less exposure.  N o  i d e n t i f i c a t i o n   c o u l d  be made on 
t h e  basis of  t h i s  s i n g l e   l i n e ,   t h o u g h  it i s  i n d i c a t i v e  of a 
s u r f a c e   f i l m .  The t i t a n i u m  series showed t w o  a d d i t i o n a l   l i n e s ;  
one  a t  1.56A a n d   t h e   o t h e r  a t  2.20A. I n   g e n e r a l ,  t h e  l i n e  
i n t e n s i t i e s   i n c r e a s e d   w i t h   e x p o s u r e  time. T h e s e   l i n e s   c o u l d   n o t  
be i d e n t i f i e d  by the s t a n d a r d  ASTM c a r d   i n d e x ,   i n d i c a t i n g   t h a t  
t h e r e  w a s  o n l y   a n   e p i t a x i a l   t h i n   f i l m   p r e s e n t   a f t e r  so s h o r t   a n  
exposure.  

3.1.4.2  Emission  Spectroscopy 

An ARL 2-meter s p e c t r o g r a p h  was used t o  examine t h e  30% K,C03 and 
10N H2SO,+ t es t  envi ronment   so lu t ions .  The c a r b o n a t e   s o l u t i o n s  
showed traces of   boron   and   s i l i con  which were a t t r i b u t e d  t o  
contaminat ion  f rom a borosi l icate  glass  gas-bubbler.   The  amount 
o f   t i t a n i u m   i n   s o l u t i o n   i n c r e a s e d   l i n e a r l y  w i t h  time f o r  the 
t i t a n i u m  I1 exposure ,   F igure  64. The 10N HzS04 s o l u t i o n   u s e d  t o  
tes t  t h e  t a n t a l u m  showed traces of i ron,   which is a no rma l   t r ace  
i m p u r i t y   f o r  H2S04 .  

3.1.4.3  Electron  Microprobe  Analyses  

X-ray f luorescence   microprobe   scans  were made on  each of t h e  1000 
hour t es t  samples  and their corresponding  unused  blanks.  A one 
micron diameter beam was used t o  sweep the s u r f a c e  of t he   s amples  
and a low i n t e n s i t y   i n c i d e n t  beam ( 5  Kev) was used  so t h a t  t h e  
s u r f a c e  f i l m  c o u l d   b e   b e t t e r   e v a l u a t e d .  The r e s u l t s  of both  
carbon  and   oxygen   ana lyses  are shown i n  Table 8. I n  a l l  samples  
ana lyzed ,   w i th  t h e  e x c e p t i o n  of t h e   t a n t a l u m ,  t h e  r e s u l t s  show 
t h a t  t h e r e  w a s  more carbon  on t h e  unused  blank  samples   than there 
w a s  on   t he   co r ros ion - t e s t ed   s amples .   S imi l a r ly ,  w i t h  t h e  
except ion   of   p la t inum,  there w a s  a s i g n i f i c a n t l y  greater amount 
of o x y g e n   p r e s e n t   o n   t h e   s u r f a c e  of t h e   c o r r o s i o n  tested samples 
compared w i t h  the  blank  samples.  

I t  is n o t   p o s s i b l e  t o  g i v e  a more q u a n t i t a t i v e   a n a l y s i s   f o r  t h e  
amounts of each   e l emen t   p re sen t   w i thou t   conduc t ing  a more 
e x t e n s i v e   i n v e s t i g a t i o n  w i t h  some equipment   modi f ica t ion .  
However, t h e  relative va lues   obse rved  are f a i r l y   a c c u r a t e   b e c a u s e  
t h e r e  w a s  l i t t l e  background   i n t e r f e rence  a t  the l o w  v o l t a g e  a t  
which these samples  were examined. 
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TABLE 8 

OF METALLURGICAL  EXAMINATION RESULTS 

i X-Ray F l u o r e s c e n c e  
M i c r o p r o b e   R e s u l t s  

- 

Sample  
a n d  

E x p o s u r e  

P t   B l a n k  

I -P t -2  
I -P t -4  
I -P t -6  
I -P t -10  

11 -P t -2  
11-Pt-4 
11-Pt -6  
11-Pt -10  

ZK B lank  

I - Z r - 2  
I -Zr -4  
I -Zr -6  
I-Zr-10 

11-Zr-2 
11-Zr-4 
11-Zr-6 
11-Zr-10 

"~ 

- 

S p e c t r o g r a p h i c  
Soln. Anal. (ppm) 

X-Ray D i f f r a c t i o n  
R e s u l t s  -- " 

N / A  S t d .  Pt P a t t e r n  
"~ . 

71 6 
"" ~ 

Same a n a l y s i s  
a l l  S o l u t i o n s  
1 - 1 0   S i l i c o n  
1 Boron Same a s  B l a n k  

-~ - _ _ _ _ . ~  
27  3 

(Same as a b o v e )  

Same as  Blank  40 3 

395 
- 

1 2  S t d .  Z r  P a t t e r n  
- ~ 

Same A n a l y s i s  
a l l  S o l u t i o n s  
1 - 1 0   S i l i c o n  
1 Boron 26 Same a s  B lank  5 8  

(Same a s  a b o v e )  

l i n e  a t  d = 2.36A 94 20 
I ." ____ 

N/A 
~~~ 

S t d .  T i  P a t t e r n  1 2 5  6 
~ "" ~ 

L i n e  a t  d = 1.56A 
1 0  
36 1 r e l a t i  

T i *  
50 

1 0 0  
500 
900 

"- _"""__I_ 

N/A 
Fe* * 

11-Ti-2 
11-Ti-4 
11-Ti -6  
11-Ti - IO 

ve 

44 
11 1 i n t e n s i t y  

53 _" ""_ . "1 
S td .  T a   P a t t e r n  

11 

3 
. "" - " 

Ta   B lank  

I" 

1 
<1 
<1 

10-12 

111-Ta-2 
111-Ta-4 
111-Ta-6 

I 111-Ta-11 7 Same as Blank  
" - - . . -. " . - 

* D e t e c t i o n  L i m i t  o f  T i  Better t h a n  1 ppm i n  30% K2C0, 
* * D e t e c t i o n  L i m i t  of Fe  better t h a n  1 ppm i n  10N H,SO4 
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3.1.4.4 Metal lographic   Examinat ion 

Metal lographic   examinat ions were per formed  on   the  1 0 0 0  hour test  
samples   and  on  the  corresponding "as received"  (blank)   samples  a t  
l O O X  and 250X magnif icat ion,   There w a s  no real d i f f e r e n c e  
between the b lank   and   t he   co r ros ion   t e s t ed   s amples .   Typ ica l  
m i c r o s t r u c t u r e s  of these  specimens a t  250x magn i f i ca t ion  are 
shown i n   b o t h  the unetched   and   e tched   condi t ions   in   F igures  6 4  
th rough 80. There are p i t s   o n  some of  the  Tantalum  and  Zirconium 
specimens  which are a r e s u l t  of t h e   s u r f a c e   p r e p a r a t i o n   a n d  
etching  procedures .   They  can be removed by a d d i t i o n a l   p o l i s h i n g  
b u t   o n l y  a t  the   expense   o f   sharp   edge   def in i t ion .  

3.1.4.5 Bend Tests 

Bend tests w e r e  performed  on  the  11-Ti-10, I -Zr -10  and t h e  I I - Z r -  
10  test samples  and the i r  r e s p e c t i v e   b l a n k s  t o  d e t e r m i n e   i f  t h e  
exposed   samples   had   been   embr i t t l ed   dur ing   cor ros ion   tes t ing .  
The tests were performed  by  3-point  loading,  using  pins of 0.125 
i n c h   r a d i u s  se t  a t  a 0.6 inch  span,  and a probe  of 0.09 i nch  
r a d i u s .  There w a s  no v i s ib le  c rack ing   obse rved   a f t e r  a g r e a t e r -  
than-900  bend i n  t h e  t i t an ium  and   v i r tua l ly   no   d i f f e rence   be tween  
the   b l anks   and  t h e  exposed  samples. A l l  the   z i rconium  samples  
showed v i s i b l e  cracks a t  a n g l e s  less t h a n  300.  The d i f f e r e n c e s  
between t h e  exposed  zirconium  samples  could be due t o   a n  
inhomogeneous s t a r t i n g  material rather t h a n   b e i n g   a t t r i b u t a b l e   t o  
t h e  d i f f e rence   co r ros ive   env i ronmen t s .  The r e s u l t s  are listed i n  
Tab le  9 .  

" 

3.1.4.6  Conclusions 

The test  samples of plat inum,  t i tanium,  z i rconium and tan ta lum 
which had  been  exposed f o r  1 0 0 0  h o u r s   t o  t h e  co r ros ive   env i ron -  
ments shown i n   T a b l e  1 i n d i c a t e  almost n e g l i g i b l e   c o r r o s i o n  rates 
as determined by t h e  nletal lurgical   examinat ions  above.  

The only   ev idence   o f   cor ros ion  was t h e  appearance   o f   th in   f i lms  
on a l l  t he  1 0 0 0  hour  specimens (detected on ly  by v i s u a l  
e x a m i n a t i o n ) ,   a n d   t h e   p r e s e n c e   o f   t i t a n i u m   i n  i t s  tes t  s o l u t i o n .  
E s t i m a t e d   f i l m   t h i c k n e s s e s  are i n  t h e  r eg ion  of one  micron  based 
on   the   E lec t ron   microprobe  tests. 

101 



TABLE 9 

BEND TEST RESULTS 

Bend Angle Peak  Load Flexural Modulus F l e x u r a l  
A f t e r  Spring Deflection i n  Bending Strength 

Sample No. Back (deq. 1 ( In .  1 (x106 p s i )  (Ksi) 

T i   B l a n k   9 6  0.157 14.92  200.5 

11-Ti-10 101   0 .150  14.27 20C.4 

Z r  B l a n k  26  0.063 12 .62  193.9 

I-Zr-10 28 0 . 0 8 8  12.82 200.0 

11-Zr-10  17  0.058  12.94  188.9 

F l e x u r a l  Modulus = - L3 P 7 p s i  3 

4 b d  

F l e x u r a l   S t r e n g t h  = - 3PL 

2 b d  
2 p s i ,  

Where : 
L = s p a n . ,   i n .  
b = w i d t h ,   i n .  
d = t h i c k n e s s ,  i n .  
P = load, Ib 
Y = def lec t ion ,  i n .  
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FIGURE 64 RESULTS OF SPECTROGRAPHIC ANALYSIS OF TITANIUM 
IN 30% K CO SOLUTION 
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Figure 65 Photomicrograph - Zlrconium  Blank - Unetched,250X 

Figure 66 Photomicrograph - Zirconium  Blank - 25OX 
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Figure 67 Photomicrograph - Platinum Blank - 250X 

Figure 68 Photomicrograph - Platinum - (11-Pt-101, 250X 



Figure 69 Photomicrograph - Zirconkum - Unetched 
(I-Zr-10) , 250X 

Figure 70 Photomicrograph - Zirconium - 250X 
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Figure  72  Photomicrograph - Zirconium  (II-Zr-lO)t  25OX 

1 0 7  
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Figure 75 Photomicrograph - Titanium - Unetched 
(11-Ti-101, 250X 

Figure 76 Photomicrograph - Titanium (11-Ti-lo), 250X 

1 0 9  
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Figure 77 Photomicrograph - Tantalum  Blank - Unetched, 
250X 



Figure 79 Photomicrograph - Tantalum - Unetched 
(111-Ta-101, 250X 



3.2 Acid  Matrix  Evaluation 

This   phase  of   the  program  consis ted  of   select ing  matr ix  materials 
from t h e   v a r i e t y  of preparations  commercially  available.  The 
program  plan  required  the  selected  samples t o  be t e s t e d  t o  
de termine   the  most su i t ab le   cand ida te  material. 

The ma t r i ces   a r e   r equ i r ed  t o  provide  long  operat ional  l i fe ,  even- 
t u a l l y   i n   e x c e s s   o f  1 0 , 0 0 0  hours a t  1950F i n   s u l p h u r i c   a c i d  of 
38% weight  concentration. The p rope r t i e s   o f   ma jo r   i n t e re s t  which 
were evaluated are: 

1) Chemical c o m p a t i b i l i t y   w i t h   t h e   e l e c t r o l y t e  - t h i s   i n -  
c ludes   su rv iva l  of t h e   m a t r i x   a n d   s t a b i l i t y  of 
dimensions  and  selected  propert ies .  

2 )  Void Volume 

3 )  aubble   pressure when s a t u r a t e d   w i t h   e l e c t r o l y t e   a t  
1950F. 

3.2.1  Materials Review and Prel iminary  Screeninq 

A review of t h e   t r a d e   j o u r n a l s   a n d   t h e   v e n d o r s '   l i t e r a t u r e  
y ie lded   the   fo l lowing  l i s t  o f   m a t e r i a l s   t h a t  may s e r v e   a s  
matrices and i n c l u d e s   f i l t e r s ,   b a t t e r y   e l e c t r o d e   s e p a r a t o r s   a n d  
porous  mats. A b r i e f   desc r ip t ion  of t h e   m a t e r i a l   c h a r a c t e r i s t i c s  
r e l a t i n g  t o  t h e  a p p l i c a t i o n   f o l l o w s   f o r   t h e   m a t e r i a l s   l i s t e d  
below. 

Material 

G l a s s  F i b e r   F i l t e r  
R e f r a s i l - S i l i c a   f i b e r  
Polysep 
Kynar 
Daramic 

Polypropylene  Felt  
Polypropylene Fel t  
Microporous  Teflon 
Zitex-Microporous  Teflon 
Microporous  Teflon TA-1 Mat 
Ace S i 1  
Polymeric G e l  Membrane 
Armalon 

Manufacturer 

Reeve Angle & Company 
HITCO 
National Lead Company 
Gelman Instrument Company 
Dewey 6 Almy - 

W. R. Grace Company 
American Felt Company 
Kendell  Fiber  Products 
Genera l   P las t ic   Corpora t ion  
Chemplast,  Inc . 
American Cyanamid Company 
Amerace Corporation 
Amicon  Company 
duPont 

" G l a s s   F i b e r   F i l t e r  (H. Reeve  Angle & Company) 

Th i s   ma te r i a l   has   t he   we t t ing   p rope r t i e s   des i r ed ,  b u t  i s  
a t tacked  by mineral   acids ,   leaving a f i b e r  s t r u c t u r e  t h a t  i s  
e s s e n t i a l l y   s i l i c a .  
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Refras i l  (H. I. Thompson 8 Company - HITCO) 

R e f r a s i l  i s  p u r e  s i l ica  f i b e r  m a t .  It is a v e r y   l o o s e l y  
packed mat, b u t   t h e   f i b e r s  are s t rong   and  w i l l  s u r v i v e  
compaction, The f i b e r s  are e s s e n t i a l l y  wettable by s u l f u r i c  
ac id   and  are i n e r t .  It was i n i t i a l l y   b e l i e v e d  t h a t  t h e  
f i b e r s   m i g h t   u n d e r g o   g r a d u a l   r e v e r s i o n  t o  t h e  s table  
c r y s t a l l i n e  s t a t e  and lose i ts  f i b r o u s   s t r u c t u r e   w h i l e  
immersed i n  h o t  s u l p h u r i c   a c i d . ;   b u t   t h i s  w a s  d i sproved  by 
t h e  tests. 

Po lysep   (Na t iona l  Lead Company) 

Th i s  w a s  d e s c r i b e d  by the   vendor  a s  a m a t  of   polyethelene-  
c o a t e d   c e l l u l o s e   f i b e r   w i t h  30% poros i ty   and  30 micron 
Because  of the  l o w  s o f t e n i n g   t e m p e r a t u r e   o f  t h e  po lye thy lene  
a n d   t h e   r e a c t i v i t y  of c e l l u l o s e ,  t h i s  m a t e r i a l  w a s  judged 
u n s u i t a b l e .  

Kynar  (Gelman Ins t rumen t  Company) 

Kynar i s  d e s c r i b e d   a s  a f e l t  o f   p o l y v i n y l i d i n e   f l u o r i d e .  I t  
is c h e m i c a l l y   r e s i s t a n t  t o  s u l f u r i c  a c i d ,   b u t  is s t r o n g l y  
hydrophob ic   and   t he re fo re   unsu i t ab le .  

Daramic (Dewey and Almy Chemical Div W.R. Grace Company) 

Daramic is a r o l l e d  sheet of microporous  polyethylene.  I t  
abso rbs   ace tone   r ead i ly ,   bu t  i s  completely  hydrophobic. The 
s p e c i f i e d  t es t  temperature  (1950F) is  above t h e  f a i l u r e  
t empera tu re  of Daramic. 

Polypropylene F e l t  (American Fel t  Company) 

T h i s  f e l t  wet ted  r e a d i l y ,  b u t  t h e  e f f e c t  i s  d u e  t o  a f iber 
c o a t i n g  of s u r f a c t a n t .  The c l e a n   f i b e r s   a r e   h y d r o p h o b i c   a n d  
t h e r e f o r e   u n s u i t a b l e .  

Polypropylene Fel t  (Kendal l  Fiber Products  Div.)  

The m a t  is  composed  of 1 d e n i e r  fibers, p e r f o r a t e d  by 
f e l t i n g   n e e d l e s .  The vendor claims good  performance  in  
s u l f u r i c   a c i d ,   b u t  t h e  hydrophobic   qua l i ty   and  t h e  f e l t i n g  
punc tu res  were expec ted  t o  cause  a l o w  bubble   p ressure   and  
were l a t e r  v e r i f i e d   i n  tes t .  

Microporous  Teflon  (General Plastics Corpora t ion)  

T h i s  is a r o l l e d   s h e e t  material t h a t   c a n  be produced i n  a 
v a r i e t y   o f   t h i c k n e s s e s   ( 1 0  t o  50 m i l s ) ,  p o r o s i t e s  (50, 67, 
75961, and pore s i z e s  (1, 4 or 10   microns) .  However, t h e  
m a t e r i a l  i s  inhe ren t ly   hydrophob ic   and   t he re fo re   unsu i t ab le .  

113 



- Zi tex  - Microporous  Teflon  (Chemplast,  Inc.) 

Zi tex  Teflon i s  inherent ly   non-wett ing  but   can  be  rendered 
wet t ing by a sur face   e tch ing   t rea tment .   S ince   the   wet t ing  
condi t ion  of t he   Te f lon  surface i s  only  metastable ,  it is 
therefore   cons idered   undes i rab le .  

Microporous  Teflon TA-1 (American Cyanamid Company) 

The vendor   descr ibes   the Ta-1 mat as composed of  etched 
Teflon 95% and  unetched  Teflon 5%. I t  is u s e f u l   i n  
phosphor i c   ac id   e l ec t ro ly t e , ,   bu t   su l fu r i c   ac id   be ing   an  
oxid iz ing   agent ,  causes dewetting. 

A c e  S i 1  (Amerace Corporation) 

This  is a porous  rubber  sheet,   loaded  with s i l i ca .  I t  i s  
not   compat ib le   wi th   ho t   su l fur ic   ac id .  

Polymeric Gel Membrane (Amicon Company) 

This   mater ia l  was not   commercial ly   avai lable  when t h e  
t e s t i n g  program  began" b u t  i s  now o b t a i n a b l e   i n   l i m i t e d  
quant i ty .  I t  is descr ibed as a very  hygroscopic  gel  
membrane, s t a b l e   i n   s u l f u r i c   a c i d   a t  200°F, and with 
e x c e l l e n t   e l e c t r o l y t i c   c o n d u c t i v i t y .  

Armalon (duPont) 

This name is a p p l i e d   t o   f e l t s  and woven f a b r i c s ,   t h e   f i b e r s  
of  which are coa ted   wi th   Poly te t ra f luroe thylene  (PTFE). 
S i n c e   t h e  PTFE coa t ing  is  permeable,   chemical  resistance i s  
e s s e n t i a l l y   t h a t  of t h e   c o r e   m a t e r i a l .  It is very 
hydrophobic. 

From t h e  above l i s t  of   mater ia ls ,   four   samples   l is ted  below were 
recommended fo r   p re l imina ry   t e s t ing .  Only t h e   R e f r a s i l  w a s  
judged t o  be s u i t a b l e   f o r   u s e ,  however, th ree   o ther   samples  were 
s e l e c t e d  for the   p re l iminary   eva lua t ion .  

1) R e f r a s i l  - Sil ica  Fiber  (Hitco) 

2) Kynar - Polyvinyl id ine   F luor ide   Fe l t  (Gelman In- 
strument Company) 

3 )  Polypropylene F e l t  - (Kendal l   Fiber   Products)  

4) Microporous  Teflon TA-1 Mat - (American Cyanamid Com-. 
PanY) 

3.2.2 Matrix  Screeninq  and  Physical Properties Measurements 

Tests of these  four   mater ia ls   immediately  revealed  the  unsui t -  
a b i l i t y   o f   t h e   l a t t e r   t h r e e .  Non-wetting  and cap i l l a ry   exc lus ion  
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o f   e l e c t r o l y t e   f r o m   t h e   p o r e s   o f   t h e  Kynar ,   po lyp ropy lene   f e l t ,  
and  microporous  Teflon  caused  very low bubb le   p re s su res  a s  shown 
i n   T a b l e   1 0 .   T h u s ,   o n l y   t h e   R e f r a s i l   r e m a i n e d  a c a n d i d a t e  for  
pe r fo rmance   t e s t ing .  I t  was decided  a t  t h i s   p o i n t  t o  i n c l u d e  t he  
ACCO-TA-1 matrix i n   t h e  immersion t es t  because   o f  i ts  h i g h e r  
b u b b l e   p r e s s u r e   d e s p i t e   t h e   e x p e c t a t i o n   t h a t  it would g r a d u a l l y  
loose i ts  h y d r o p h y l i c   p r o p e r t y   d u r i n g   c o n t a c t  w i t h  s u l f u r i c  
acid. The tests conf i rmed   t h i s   expec ted   change ,  however, t h e  Ta- 
l mat   bubble   p ressure  w a s  still a c c e p t a b l e  a t  t h e   e n d   o f  t h e  1000 
hour  immersion. 

The   ma t r ix   p rope r t i e s  t o  be  measured are vo id  volume,  bubble 
p r e s s u r e , ,   a n d   e l e c t r o l y t i c   r e s i s t a n c e .  

3.2.2.1 Void V o l u m e  

The f r ac t iona l   vo id   vo lume  is obta ined   f rom the a b s o l u t e   d e n s i t y  
o f   t h e   s o l i d  phase and   t he   measu red   geomet r i c   dens i ty   o f   t he  
specimen 

void volume = - g e o m e t r i c   d e n s i t y  
t o t a l  volume 1 a b s o l u t e   d e n s i t y  

A n  a t t e m p t  w a s  made t o  u s e   t h e  a i r  comparison  pycnometer for 
de te rmina t ion   o f  absolute  d e n s i t y  of the specimens,  b u t  it w a s  
found t h a t  t h e   b r o a d   r a n g e  of values   obtained  f rom  specimen t o  
spec imen  ind ica ted  t h a t  t h e  in s t rumen t  w a s  n o t   s u f f i c i e n t l y  
s e n s i t i v e   r e l a t i v e  t o  t h e  specimen  s izes .  It was decided  t o  
a c c e p t  t h e  pub l i shed   ave rage   o f   va lues  of a b s o l u t e   d e n s i t y   o f  t h e  
materials as be ing  more r e l i a b l e   t h a n  t h e  v a l u e s   d e r i v e d  from t h e  
a i r  pycnometer. 

Determina t ion  of g e o m e t r i c a l   d e n s i t y  is  uncer ta in   because   o f  t h e  
s o f t n e s s  of some of t h e  matrices. R e f r a s i l ,  for example, i s  a 
ve ry   l oose ly   packed   f i b rous  m a t ,  and t h e  measured  thickness  of a 
specimen is dependent on the p r e s s u r e   a p p l i e d  by t h e  measuring 
in s t rumen t .  For t h e  test measurements, a d i a l   g a g e  w a s  used 
which w a s  f i t t e d   w i t h  a one-half   inch diameter foo t   and   l oaded  
on ly  by t h e  we igh t   o f   t he   sp ind le   and  a l i g h t   r e t u r n   s p r i n g .  The 
r e c o r d e d   t h i c k n e s s   o f   t h i s   k i n d   o f  material s h o u l d   t h e r e f o r e   b e  
accep ted  as only   one   o f  a r a n g e   o f   v a l u e s   t h e   m a t r i x  may assume 
depending on the p r e s s u r e   a p p l i e d .  

I n   T a b l e   1 0 ,   t h e   R e f r a s i l   s p e c i m e n  i s  d e s c r i b e d  a s  be ing  0 .08  
i n c h   t h i c k .  The computed  geometr ic   densi ty   of  0 . 0 9 6  gm/cm3, and 
t h e  v o i d  volume is 9 5 . 3 % .  I f  t h e  same specimen is compressed t o  
0.04 i n c h   t h i c k n e s s , ,   t h e  geometric d e n s i t y  becomes 0.192 gm/cm3., 
and  the  void  volume is 9 0 . 6 % .  

Of t h e  materials l i s t e d   i n  Table 10 ,  t h e  R e f r a s i l   a n d   t h e   p o l y -  
p r o p y l e n e   f e l t  are e a s i l y   c o m p r e s s i b l e .  The metricel VF-6 is a 
microporous   f i lm  and  i s  p r a c t i c a l l y   i n c o m p r e s s i b l e .  
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The Ta-1 m a t  is composed en t i re ly   o f   Tef lon   and  as  suppl ied  by 
the  vendor ,  it is completely water impregnated. The void volume 
o f   t h i s   m a t e r i a l  was computed  from t h e  measured  geometric  density 
and   t he  known dens i t i e s   o f   t he   Te f lon   and   t he  water f i l l i n g   t h e  
voids.  

Void  volume  measurements were t o  be made on the  specimens,  as 
received,  and also a f t e r  200 hours, 400 hours,, 600 hours  and  1000 
hours  immersion i n  38% s u l f u r i c   a c i d   a t  1950F.  These 
measurements were completed  for   the  specimens  of   Refrasi l   and are 
r epor t ed   w i th   t he   r e se rva t ion   t ha t   t hey   a r e  of dubious 
s igniEicance  because  of   the almost a rb i t r a ry   a s s ignmen t  of 
th ickness .  

The specimens  of TA-1 matrix  could  not  be  measured  for  void 
volume a f t e r   t h e  immersion tests because  the  specimens became 
d i s t o r t e d  and t h e   l a m i n a t e s   s e p a r a t e d   t o  form i r r egu la r   pocke t s  
f i l l e d   w i t h   e l e c t r o l y t e .   T h e r e  was a l so   ev idence   o f   pa r t i a l  
dewetting  of  the  matrix.   Photographs  in  Figure  81 show samples 
of t h e  TA-1 matr ix  material i n   t h e   " a s   r e c e i v e d "   c o n d i t i o n  (A) 
and a f t e r  1000  hour  immersion t e s t  (B), where the  "pocket   e f fec t"  
is evident .  

3.2.2.2  Bubble  Pressure 

G a s  s e a l i n g   c a p a b i l i t i e s   o f   t h e   m a t r i c e s  were t o  be measured i n  
38% s u l f u r i c   a c i d  a t  195OF. Specimens were mounted i n  a holder  
made f rom  polyvinyld ich lor ide   p las t ic  as shown i n   F i g u r e  82. A 
d i sk   o f   f i ne  mesh polypropylene   sc reen   a t  t h e  bottom of t h e  
specimen  cavity w a s  used to   suppor t   the   spec imens   aga ins t   the  
impressed   gas   p ressure   d i f fe ren t ia l .  The specimen was placed on 
the   sc reen ,   and   then  w a s  clamped a t   t h e   p e r i p h e r y  by the  mat ing 
p a r t  of t he   ho lde r  so that   gas   passing  through  the  specimen 
issued  through  the  four   bot tom  holes .  The holder  was p a r t l y  
submerged i n   t h e   h o t   s u l f u r i c   a c i d  and  permitted t o   a t t a i n  
temperature. A i r  under   gradual ly   increasing  pressure was 
admi t ted   th rough  the   meta l   tube   un t i l   escape   th rough  the   bo t tom 
holes  was observed. 

Measured values  of  bubble  pressure  for  "as-received"  specimens 
are recorded   in   Table  10. Ref ras i l   and  TA-1 are the   supe r io r  
ma te r i a l s .  

3.2.2.3 Electrolytic Resis tance* 

The r e s i s t a n c e  was measured   wi th   e lec t ro ly t ic   cur ren t   o f  50 ASF 
passing  through  the  specimen. The test  apparatus  which was  made 
f r o m  Teflon i s  shown schemat i ca l ly   i n   F igu re  8 3 .  It provides 
chambers f o r  the e l e c t r o l y t e   a n d  working electrodes,   and 

*J. E. Cooper, A. Fleishcer:  "Characteristics of Separators for Alkaline  Silver 
Oxide-Zinc  Secondary  Batteries - Screening  Methods," p. 53, AD-447301  Aeropro- 
pulsion  Laboratories, W A F ,   W A F B  Dayton,  Ohio,  September, 1964. 
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A - AS RECEIVED 
B - AFTER 1000 HOURS I N  38% H2S04 AT 195OF 

Figure 8 1  Acid  Electrolyte  Matrix - Microporous Teflon 
TA-1 Mat (Before and after  exposure to ac id  
e l e c t r o l y t e )  
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Polypropylene 
Screen 

Figure 82 Bubble  Pressure  Test  Apparatus - Matrix 
Materials 
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ELECTRODE 
WORKIUG 

C H M E R  

RFERENCE 
ELECTRODE 
WELL 

(a )  Diagram of Cell  used  for  Electrolytic 
Conductivity  Measurements 

WORNIRG ELECTRODES 

I SPECIMEN 

POTENTlOST4T 

( b )  Electrical  Schematic of Conductivity 
Measuring  Apparatus 

Figure 83 Electrolyte  Conductivity  Measurement of 
Matrix  Materials - Test  Apparatus 
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r e fe rence   e l ec t rode  wells with  Luggin  capil lary  channels corn- 
municating t o   t h e  specimen  surface. The potent ia l   developed 
across   the  specimen is measured as t h e   p o t e n t i a l   d i f f e r e n c e  
between t h e  t w o  re fe rence   e lec t rodes .  

The r e fe rence   e l ec t rodes  are dynamic  hydrogen  electrodes;  each 
reference-well   contains  a small hydrogen  and  oxygen e l ec t rode ,  
and  each  pair  is suppl ied  independent ly  by a r e g u l a t e d   d i r e c t  
current   supply.  A Teflon  septum w a s  i n s e r t e d  between t h e  
hydrogen-oxygen e l e c t r o d e   p a i r   t o   r e d u c e   t h e  access o f   e l e c t r o  
generated oxygen t o   t h e  hydrogen  electrode. 

The measuring  procedure is as follows: With zero-current  through 
t h e  specimen, t he   r e f e rence  electrode supply   cur ren ts  are 
ad jus t ed   t o   p roduce   a   gen t l e   gas   evo lu t ion   and   a l so   t o   t he  
cond i t ion   o f   ze ro -po ten t i a l   d i f f e rence  as measured by a - 
potentiometer.   Current is then  passed  through t h e  specimen  and 
t h e   p o t e n t i a l   d i f f e r e n c e  between t h e   r e f e r e n c e   e l e c t r o d e s  is 
quickly  measured.  These two measurements are rechecked  several  
times to  maintain  constant  set condi t ions .  

Blank  measurement,which i s  e s s e n t i a l ,  i s  made with no specimen 
mounted  between t h e  cell ha lves .   Desp i t e   t he   f ac t   t ha t   t he  
Luggin c a p i l l a r y   o r i f i c e s   a r e   v i r t u a l l y   i n   f a c e - t o - f a c e   c o n t a c t  
when t h e r e  is no specimen  between t h e  cell halves,  the  measured 
po ten t i a l   d i f f e rence   gene ra t ed  by  50 ASF through t h e  e l e c t r o l y t e  
is l a r g e   r e l a t i v e   t o   t h e   p o t e n t i a l  measured f o r  a specimen  under 
test. Thus,, the   necessary   b lank   cor rec t ion  i s  r e l a t i v e l y   l a r g e .  

When the  specimen is mounted, a test  sur face  of  one-half  inch i n  
diameter is  exposed t o   t h e   e l e c t r o l y t e .  The area  of t h e  
conducting  specimen is 1.266 c m 2 ,  assuming  complete   rect i l inear  
f low  l ines .  The values   reported are t h e  measured r e s i s t a n c e ,   t h e  
ne t   res i s tance   o f   the   spec imen  (cor rec ted   for   b lank) ,   and   the   ne t  
r e s i s t a n c e   p e r   u n i t  area of  specimen. 

According t o   t h e   o r i g i n a l   t a s k   d e f i n i t i o n ,   t h e   r e s i s t a n c e  
measurements were t o  be  conducted  with  the  specimens  in 38% 
s u l f u r i c   a c i d   a t  1950F. It w a s  l earned   tha t   because  of t h e  
des ign   of   the  ce l l  and   the   thermal   insu la t ing   proper t ies  of 
Teflon,,  attainment  and  maintenance  of 195OF t e m p e r a t u r e   a t   t h e  
specimen w a s  d i f f i c u l t .  Also., t h e   r e f e r e n c e  electrodes became 
very  unrel iable   a t   h igher   temperatures .   Consequent ly ,   the   ear ly  
measurements were of l i t t l e  quan t i t a t ive   va lue .  With t h e  
concurrence  of NASA personnel,  measurements were performed on t h e  
specimens a t  room temperature.  These  data are repor ted   in   Table  
11. 

E l e c t r o l y t i c   r e s i s t a n c e  measurements were a l s o  made on  specimens 
a f t e r  immersion i n  38% s u l f u r i c  acid a t  195OF. These  data   are  
recorded   in  Table 12 .  The data   vary so broadly   tha t  a usefu l  
i n t e r p r e t a t i o n  seems improbable. The R e f r a s i l   v a r i e s   g r e a t l y  i n  
densi ty   of   f iber   packing, ,  which fac t  may account for the  broad 
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v a r i a t i o n  of measured  res is tances   f rom  specimen t o  specimen. TA- 
1 m a t r i x  is a th in   dense ly   packed   and   non-swel l ing  material which 
dewets   non-uniformly  during  the  immersion  t reatments .  The  non- 
u n i f o r m   d e w e t t i n g   p r o b a b l y   a c c o u n t s   f o r   t h e   b r o a d   v a r i a t i o n s   i n  
m e a s u r e d   r e s i s t a n c e   o f   t e s t e d  TA-1. 

3.2.2.4 Immersion Tests 

The  immersion tests cons is ted   o f   immers ing   the   mat r ix   spec imens  
i n  38% s u l f u r i c   a c i d  a t  1950F f o r  200., 400,  600 and  1000  hours. 
It was r e q u i r e d  t o  measure changes i n  weight   and  dimensions  of  
the   spec imens ,   and  t o  a n a l y z e   t h e   s u l f u r i c   a c i d   s o l u t i o n   f o r  
c o n s t i t u e n t s  of t h e  matrix materials. 

Because   o f   t he  loose packing  of the R e f r a s i l  m a t  and   the   p rob-  
a b i l i t y  of its d i s i n t e g r a t i o n   i n   t h e   s u l f u r i c   a c i d ,   t h e  measured 
specimens were enclosed  between t w o  l a y e r s  of polypropylene  
sc reen   c lo th   wh ich  were t h e n   h e a t - s e a l e d  a t  t h e  edges. A f t e r  
removal from t h e   s u l f u r i c   a c i d ,   t h e   e n c a p s u l a t e d   s p e c i m e n  w a s  
r i n s e d   f r e e   o f   a c i d  by r epea ted   immers ions   i n  water, and 
subsequen t ly   d r i ed .  The specimen w a s  weighed  and  measured a f t e r  
removal  from t h e  screen   envelope .  

The Ref ra s i l   spec imens   r ema ined   v i r tua l ly   unchanged   i n  t h e  i m -  
mersion tests. There were ve ry  small losses i n   w e i g h t  (see Tab le  
13) b u t  these might w e l l  b e   a t t r i b u t e d  t o  s imple  mechanical  loss  
of  a few f i b e r s .  N o  a p p r e c i a b l e   c h a n g e s   i n   d i m e n s i o n s  were 
d e t e c t e d  (see Table 13) and no s p e c i m e n   d i s t o r t i o n  w a s  observed. 
I t  was a n t i c i p a t e d   t h a t   t h e  s i l i c a  f i b e r s   m i g h t  revert t o  the 
s t a b l e   c r y s t a l l i n e  s t a t e ,  while r ema in ing   i n so lub le ,  however t h i s  
d i d   n o t   o c c u r  t o  a n y   d e t e c t a b l e   d e g r e e .   S p e c t r o g r a p h i c   a n a l y s i s  
of  t h e  s u l f u r i c   a c i d   a f t e r   t h e  test  r e v e a l e d   n e i t h e r   s i l i c o n   n o r  
any  impurity  component of t h e  si l ica.  

The TA-1 specimens were wa te r - sa tu ra t ed  a s  r ece ived .  One i n c h  
square   spec imens  were c u t   a n d   s o a k e d   i n  38% s u l f u r i c  acid b e f o r e  
the c o r r o s i o n  test .  Upon complet ion of test ,  t h e  specimens were 
r i n s e d   f r e e  of s u l f u r i c   a c i d   a n d  tested for bubble   p ressure   and  
r e s i s t a n c e .  The specimens were s e v e r e l y   d i s t o r t e d ,   p a r t i a l l y  
dewetted,   and  delaminated t o  form  mul t ip le   convex   sur face  
pockets.  Although  weight  change  measurements  could  not be made 
because the specimens w e r e  s a t u r a t e d   w i t h  water i n  t h e  prior and 
post test condi t ions . ,  i t  may be   reasonably   assumed  tha t ,   because  
t h e  TA-1 material is e n t i r e l y   T e f l o n ,  it is c o m p l e t e l y   i n e r t   i n  
the s u l f u r i c   a c i d .  

3.2.3 Conclus ions  

From t h e  materials c o m m e r c i a l l y   a v a i l a b l e  ( a t  the   beg inn ing   o f  
t h e   s t u d y )   o n l y   t h e   R e f r a s i l   p r o v e d  t o  b e   s u i t a b l e   f o r   m a t r i x  
service i n   s u l f u r i c   a c i d .  The Refrasi l  is v i r t u a l l y   i n e r t   i n  
s u l f u r i c  acid and   mani fes ted  no a p p r e c i a b l e   d e g r e e   o f   t r a n s i t i o n  
from t h e   f i b r o u s  form.  The R e f r a s i l   s p e c i m e n   t e s t e d   f o r   1 0 0 0  
h o u r s   c o n t a i n e d   n o   i m p u r i t i e s   l e a c h a b l e   b y   s u l f u r i c   a c i d .  
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The R e f r a s i l  mat is a very  loosely  packed random mass of f ibers , .  
This  non-uniform  fiber  distribution  probably  causes t he  low 
bubble  pressure  values,  which seem t o  be the  major   def ic iency of 
t h e   R e f r a s i l .  The bubble  pressure  value  increased by 
approximately 26% dur ing   t he  1 0 0 0  hour tes t  per iod  w h i l e  t h e  void 
volume  remained e s sen t i a l ly   cons t an t .  

The TA-1 matr ix  i s  unsa t i s f ac to ry   p r imar i ly  because it is a 
natural ly   hydrophobic  material. A sur face   e tch ing   t rea tment  
renders   the   Tef lon   f ibers   hydrophi l ic   bu t   the   condi t ion  is 
metastable. It was observed  that   dewett ing  occurs   during  the 
long  immersion tests. The vendor a l so   adv i sed   t ha t   dewe t t ing  
would be an  even  greater  problem  in  the  oxidizing  environment of 
t h e  anode. The bubble  pressure  measurements seemed t o   i n d i c a t e  a 
s l i gh t   i nc rease ,   abou t  2496, a f t e r   t h e   i n i t i a l  200  hour test ,  
however t h e  remaining t e s t  samples showed a gradual   decrease   in  
bubble  pressure.   After 1000  hours   the   va lue  had decreased 
approximately 24% from t h e   i n i t i a l   v a l u e   f o r  t h e  m a t e r i a l   i n  t h e  
"as received"  condi t ion.  
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T m L E  1 0  

V O I D  VOLUME E BUBBLE PRESSURE OF MATRIX MATERIALS (AS RECEIVED) 

T h i c k n e s s  
Specimen ( i n c h e s )  

Refrasil I 0.08 
(Hitco) 

Polypropy- 
l e n e  F e l t  

0.044 

(Kendal l )  

TA- 1 0.03 
(Am. Cyan- 
amid) 

Metricel 0.005 
VF- 6 
(Gelman) 

Dimensions Bubble 96 Void A b s o l u t e  Geometric Weight 
( i n c h e s  1 P r e s s u r e  Volume Dens i ty*  D e n s i t y  (grams) 

( g / c c )  ( I n s .  Hg) ( g / c c )  

17.12 x 5.5 2.9 95  2.07  0.096  11.86 

7.0 x 8.37 0.34 83 0.905  0.15 6.32 

5.0 x 5.0 13.8 78 2.17 1 .26  15.47 

1.845 Dia. 0.85 78 2.14  0.47  0.1032 

I I I 
* P u b l i s h e d   v a l u e s  for t h e   g e n e r i c  material. 



TABLE 11 

ELECTROLYTE  RESISTANCE OF MATRIX MATERIALS (AS RECEIVED) 

50 ASF, 3896 Sulfuric Acid,, Room  Temperature 

A E  Specimen 1 

Specimen 2 

Average 

Blank (1) 

(2 )  

(Av. 1 

Net A E  

Resistance of 
specimen (ohms) 

specific resistance 
ohm cm2 

TA- 1 
(0.030 inch  thick) 

0.0186 vo l t s  

0.0203 v o l t s  

0.0194 vo l t s  

0.0182 volts 

0.0176 volts 

0.0179 volts 

0.0015 v o l t s  

0.021 

0.027 

Ref rasil 
(0.080 inch thick) 

0.0220 volts 

0.0232 volts 

0.0226 volts 

0.0047 v o l t s  

0.067 

0.085 
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TABLE  12 

Specimen 

Refrasil 

A-100 

TA- 1 

Blank 

..~ ~ 

ELECTROLYTIC RESISTANCE OF MATRIX MATERIALS 
(POST I M R S I O N  TESTS) 

50 ASF, 38% Sulfuric Acid, Room Temperature 

Time  in 
Test (hrs: 

200 

20 0 

400 

400 

600 

600 

1000 

1000 

200 

200 

400 

400 

600 

600 

1000 

1000 

A E  Net 

(Specimen damaged) 

0.0259 

0.0175 

0.0035  0.0210 

0.0175 0.0350 

0.0042  0.0217 

0.0014  0.0189 

0.0511  0.0686 

0.0105'  0.0280 

0.0014  0.0189 

0.0077  0.0252 

0.0147 0.0322 

0.0140 0.0315 

0.0098  0.0273 

0.0035  0.0210 

0.0077  0.0252 

0.0042 0.0217 

0.0084 

-~ _ _  "~"" . - -  

Resistance 
(ohms 1 

0.12 

0.06 

0.11 

0.07 

0.14 

0.20 

0.21 

0.11 

0.02 

0.15 

0.73 

0.02 

0.06 

0.25 

0.07 

Specific 
Resistance 
ohm-cm2 

0.152 

0.076 

0.14 

0.09 

0.177 

0.253 

0.265 

0.14 

0.025 

0.19 

0.92 

0.025 

0.076 

0.032 

0.09 
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Material 
Sample 

R e f r a s i l  
A-100 

TA- 1 
Cyanamid 

T e s t  Time 
No. (Hours  1 

1 200 
2 

5 
400 4 
400 3 
200 

1 0 0 0  8 
1 0 0 0  7 

600 6 
600 

9 200 
1 0  200 
11 4 0 0 ( 3 )  
1 2   4 0 0 ( 3 )  
13   600   (3)  
14  600  (3)  
1 5  l O O O ( 4 )  
16 lOOO(4) 

r 
I 

TABLE 13 

ACID MATRIX  MATERIALS - TEST RESULTS SUMMARY 

Weight (gran 
I 

Not a p p l i c a b l e  

I 

I 

Dimens ions   ( i nches )  
I I n i t i a l  I F i n a l  

X Change!  L x W x T I L x W x T 

1.49 

0.32 
1 . 0  2.02 
1 . 0  0.64 
1 . 0  0.63 
1 . 0  2.13 
1 .0  

1.0  1.92 
1 . 0  2.93 
1 . 0  

1 .0  
1 . 0  
1.0 
1 .0  
1 .0  
1 . 0  
1 . 0  
1.0 

(1) B u b b l e   p r e s s u r e  for R e f r a s i l  A-100 as r e c e i v e d  

( 2 )  Bubble p r e s s u r e  for Cynamid TA-1 as r e c e i v e d  

( 3 )   D i s t o r t e d ,   w i t h  gas pockets   formed  be tween layers. 
(4) D i s t o r t e d  more s e v e r e l y   t h a n  i n  ( 3 ) .  

= 2.9 i n s .  Hg. 

= 13 .8   i n s .  Hg. 

- 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

- 

- 

0.121 

0.139 
1.0  0.135 
1 . 0  0.142 
1.0  0.133 
1 . 0  0.128 
1 . 0  

1 . 0  0.120 
1 . 0  0.116 
1 . 0  

0.030 1 . 0  
0.030 1 .0  
0.030 0 .9  
0.030 0.9 
0.030  0.9 
0.030 0.9 
0.030  0.9 
0.030 0.9 

r 
1 . 0  

1.0 
0.135 1.0 
0.136 1 .0  
0.132 1.0 
0.125 1 . 0  
0 .121 

0.118 1 . 0  
0.120 1.0 
0.133 

0.6 0.030 
0.6 0.030 
0.8 (*I  
0 .6  (*)  
0.6 (*) 
0.6 (*) 
0.8 (*)  
0.8 ( * I  

Void 
Volume 

96 

96 
98 
95 
96 
96 
96 
9 4  
96 

Not 
Meas- 
u r a b l e  

( * I  S u r f a c e   b u b b l e s ;   n o   r e l i a b l e  
measurement   poss ib le .  

Bubble  
P r e s s u r e  

( i n c h e s  Hg) 

3.5(1)  
3 .7  
3.9 
3.3 
4 .9  
4.2 
3.6 
3.7 

1 7 . 1 ( 2 )  
1 6 . 7  
15.9 
13 .7  
15.5 
15 .1  
13 .8  
10.5 



3.3 Gasket  Materials Eva lua t ion  

3.3.1 Materials Review S e l e c t i o n  

The s e l e c t i o n   o f  sample materials w a s  i n i t i a t e d  by c o n s u l t a t i o n  
wi th   var ious   suppl ie rs   and   rev iew  of   manufac turers '   handbooks   and  
l i t e r a t u r e .   M a n u f a c t u r e r s  a1 so w e r e  s o l i c i t e d   f o r  
recommendations of t h e i r   p r o d u c t s   f o r   t h e   s p e c i f i e d   e n v i r o n m e n t s .  
Responses were r e c e i v e d  from E. I. duPont ,   Parker   Seal   and 3M 
Companies. It w a s  f o u n d   t h a t   d a t a   o n  t h e  c o m p a t i b i l i t y  of 
materials w i t h  KzCO3 were n o t   g e n e r a l l y  available a n d   s u p p l i e r s '  
recommendations w e r e  b a s e d   o n   t h e  material most compatible w i t h  
water a t  1750F. 

A v a i l a b l e   p u b l i s h e d   d a t a   r e v i e w e d  were p r imar i ly   conce rned   w i th  
f u e l  c e l l  a n d   e l e c t r o l y s i s   a p p l i c a t i o n s .  Test d a t a  were l o c a t e d  
f o r  H,S09 and KOH environments*  and Table 1 4  summarizes   gasket  
materials found t o  be a c c e p t a b l e   f o r   v a r i o u s   e n v i r o n m e n t s   b a s e d  
o n   r e p o r t s   r e f e r e n c e d   i n   T a b l e   1 5 .  

Te f lon   has   demons t r a t ed   exce l l en t  chemical c o m p a t i b i l i t y   i n   a c i d  
and   a lka l ine   envi ronments ,   however ,  it shows a tendency t o  f low 
r e s u l t i n g   i n   t h e   s u b s e q u e n t  loss of  compression when used  a s  a 
gaske t .  It w a s  d e c i d e d   t h e r e f o r e   n o t   t o   e v a l u a t e   t h i s   m a t e r i a l  
i n  t h i s  a p p l i c a t i o n .  

Ethylene  Propylene has b e e n   u s e d   s u c c e s s f u l l y   i n   f u e l  cel ls  
o p e r a t i n g  a t  tempera tures   o f   approximate ly   190°F  wi th  40% KOH 
w i t h   d e m o n s t r a t e d   l i f e t i m e   o p e r a t i o n   i n   e x c e s s  of 3 , 0 0 0  hours .  

Kel-F material  p r o p e r t i e s  are  c o n t a i n e d   i n  3 M  Handbook,  Kel-F 
P rope r t i e s   and   App l i ca t ions .   Th i s  material was selected as  a 
c a n d i d a t e   g a s k e t  material f o r   e v a l u a t i o n   i n   b o t h  t h e  a l k a l i n e   a n d  
a c i d   s t a g e s   b e c a u s e  of i ts  high chemical r e s i s t a n c e  a t  h ighe r  
tempera tures ,   mechanica l   s t rength   and  low compression set. 

Vi ton ,   wi th  somewhat similar p r o p e r t i e s  as  K e l  F, w a s  a n o t h e r  
c a n d i d a t e   m a t e r i a l   s e l e c t e d   f o r   e v a l u a t i o n .   " E n g i n e e r i n g  
P r o p e r t i e s  of Vi ton"   and   " Indus t r i a l   Repor t  on Vi ton"   publ i shed  
by E. I. duPon t   con ta in   app l i ca t ion   i n fo rma t ion   and  
characterist ic p r o p e r t i e s   o f  t h i s  material. Viton  had  been  used 
s u c c e s s f u l l y   o n  the a c i d   s t a g e   d u r i n g   s i n g l e  c e l l  tests conducted 
under   Cont rac t  N o .  NAS 3-7638. Viton  i s  a s y n t h e t i c   r u b b e r  w i t h  
h i g h   r e s i s t a n c e  t o  chemicals a t  e l eva ted   t empera tu res .  

F i n a l   s e l e c t i o n   o f  test samples w a s  made wi th  t h e  a p p r o v a l   o f   t h e  
NASA Project Manager. P o t e n t i a l   a b i l i t y  t o  w i t h s t a n d   p h y s i c a l  
and  chemical   degradat ion,   and t o  ma in ta in  t he i r  s e a l i n g  
p r o p e r t i e s  for  p e r i o d s   i n   e x c e s s   o f   1 , 0 0 0   h o u r s  were t h e  major 
factors u s e d   i n  the s e l e c t i o n   o f  t h e  material samples.  

*Reference 3 i n   T a b l e   1 5 .  

1 2 7  
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The materials selected f o r  immersion t e s t i n g  w e r e  as follows: 

Alkaline  Stages  Acid  Stage 

(KzCOq 1 ( H z  SO ,+I. . 

1. Ethylene  Propylene 1. Viton 

2. Kel-F 2. Kel-F 

3.3.2 Physical  Properties Measurements 

Three  (3)  samples  of  each  approved  gasket material l i s t e d  on Page 
1 2 9  were p repa red   i den t i ca l ly   i n   i nd iv idua l   beake r s   fo r  
eva lua t ion   under   the   spec i f ied   envi ronmenta l   condi t ions .  The 
samples were removed from  the test  b e a k e r s   a f t e r  t es t  times of 
200, 500 and 1 , 0 0 0  hours. Test eva lua t ions  were made t o  
de termine   changes   in   phys ica l   p roper t ies   inc luding  (1) weight, 
( 2 )  thickness, ,  ( 3 )  compress ib i l i ty   and  (4) permeabi l i ty .  The 
r e s u l t s  of pre- tes t   and  post- tes t   measurements   and  observat ions 
are p r e s e n t e d   i n  Table 16. 

3.3.2.1  Permeability 

The permeabi l i ty   o f   the   gaske t  material w a s  determined by apply- 
ing  Nitrogen  gas   pressure t o  one  s ide  of   the  specimen which was 
c o n t a i n e d   i n  a r i g i d   f i x t u r e .  The gas  f l o w  through  the tes t  
sample was determined  from  the volume  change  observed i n  a l o w  
volume  manometer w i th   co r rec t ions   fo r   p re s su re  and  temperature 
changes. A sample   ca lcu la t ion ,   schemat ic   o f   the  tes t  apparatus  
and summary tables of c a l c u l a t i o n s   a r e   p r e s e n t e d   i n  Appendix V. 

S i x  Kel-F, three  Ethylene  Propylene  and  three  Viton  samples were 
prepared   for   permeabi l i ty  tests.  A l l  t e s t  samples were 
approximately 2" x 2" x 118". Permeability  measurements were 
conducted  on material samples in   the   "as   rece ived"   condi t ion   and  
also following  chemical  immersion tests of 200, 500 and 1 , 0 0 0  
hour  duration. 

Pre-test va lues   ob ta ined   for   the   permeabi l i ty  of the  samples  t o  
Nitrogen a t  room t e m p e r a t u r e   i n   t h e  "as received"  condi t ion were 
g e n e r a l l y   i n  close agreement  with  manufacturers  published 
" t y p i c a l "   d a t a   l i s t e d   a s   f o l l o w s :  

Permeabi l i ty  t o  Nitrogen 
(cc/cm2/cm./sec/atm) 

Kel-F 1.22 X 10-9 
Ethylene  Propylene 0.85 X 10-9 
V i  t o n  0.54 X 10-9 
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Accept- 

able 

~~ 

Un- 
accept- 
able 

TABLE 14 

MATERIALS  COMPATIBILITY  RATING FOR: 

Potassium 
Hydroxide 

Ethylene*'r 3 
Propylene 

Kel-F 

. ~~~ ~ ~~ 

Ethylene2 
Propylene 
Terpolymer ' , ~  

Tef lon2r 

Polyethylenes 
Propylene 

Halon G 8 0 5  

Hypalon2 

Silastic  RTV2 

Water 

Buna  N3 

Ethylene3 
Propylene 

Buna S3 

Oxygen 

Viton3 

Silicones 

Ethylene3 
Propylene 

Buna  N3 

*Numbers  refer  to  References in Table  15. 

Sulfuric  Acid 

Vi  ton-Ai t 

Tef  loni 

Ke 1- Fi 

Triloki 

Hypalon3 

Fluorel 

Natural  Rubber 

Butylei 

Silicone1 

Buna N3 

Ethylene 
Propylene 

Hypa lon 
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TABLE  15 

GASKET  MATERIALS  REFERENCES 

1. "Structural  Materials  for  Fuel  Cells,"  Report to Ionics, 
Inc.,  Feb.  1963. Arthur D. Little,  Inc. 

2. "Development of Fuel  Cell  Electrodes",  Semi-Annual  keport, 

3 .  "Seal  Compound  Manual",  Parker  Seal Co. 

4. "Permeability of Chlorotrifluoroethylene  Polymers", A. W. 

5. "Final  Technical  Report  Water  Electrolyzer  Module  Develop- 

Jan. 1, 1967  to June 30, 1967,  Union  Carbide NAS 3-9430. 

Myers, V. Tammela, V. Stannett,  and M. Szwarc. 

ment",  Contract  DA-44-009-NaC-1021 (X), Sept.  1966,  Allison 
Division of General  MOtOrS. 

Post  immersion  test  permeability  measurements  are  presented  in 
Table 16. The  results  in  general  show  an  increase  in 
permeability  up to the  500  hour  test  point  except  for the Kel-F 
sample  tested  to  exposhre No. 1 which  displayed  a  slight 
decrease. Samples  tested  for 1,000 hours  showed  a  decrease  in 
permeability  with the  exception of ethylene  propylene  which 
displayed  quite  a  large  increase. It is  to  be  noted  that the 
permeability  change  was  approximately  100%  for  both  materials 
listed for the 1000 hour  test  in  the  acid  exposure. 

3.3.2.2 Compressibility 

ASTM  method  F36  "Standard  Method of Test  for  Compressibility  and 
Recovery  of  Gasket  Materials"  was  used to  determine  the 
compressibility of the  test  samples.  Each  sample  was  compressed 
between  a  surface  plate  and  a  steel  cylinder  penetrator in 
accordance  with  the  test  standard  requirements. A dial  gauge  was 
used to indicate  the  specimen  thickness  during  the  test. 

Pre and  post-test  calculations  are  included in Appendix V - 
Tables  20,  21 E 22. Test  data  for  compressibility of the 
materials  are  summarized  in  Table 16. 

With  regard to the  compressibility  tests  which  were  conducted on 
the sample  materials  above  it  should  be  noted  that  the  tests  were 
short-time  tests  and as such  are  not  evaluations of the  materials 
for  determination  of  "creep" or "compression  set"  which  occurs 
under  prolonged  stress  application. 
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TABLE 1 6  

GASKET  IMMERSION  TEST - DATA SUMMAR' 

Exposure  Condi- 
t i o n s  (l), T e s t  
Sample,   and Ex- 
p o s u r e  Time 
( H r s  x lo2) 

I I -K(4) -2  

11-K-5 

11-X-10 

11-EP (5)   -2  

11-EP-5 

11-EP-10 

I I I - K ( 4 ) - 2  

111-K-5 

111-K-10 

I I I - V ( 6 ) - 2  

111-V-5 

111-v-10 

Weight 

I n i t i a l   F i n a l  
(GR)  

18.1282 18.0794 

17.8975 17.8568 

17.6460 17.6060 

10.6115  10.6121 

11.6474  11.6403 

11.7438  11.7545 

I___ - " . ". . 

17.6332 17.5827 

17.9527 i7 .8955 

17.4682 17.  4073 

~- 

14.7707 14.8330 

15.1447 15.2247 

15.0963 15.2024 

~ ~ ~ 

. - . . . . .  

T h i c k n e s s  
( i n . )  (3 )  

I n i t i a l   F i n a l  

~ " 

0.134 0.136 

0.132 0.134 

0.130 0.130 

0.129 0.127 

0.140 0.140 

0.141 0 . 1 4 1  

" 

0.132 0.133 

0.133 0.134 

0.131 0.132 

. 

0.120 0.120 

0.123 0.123 

0.120 0.123 
- ". . . . . . .  

.~ - - ". - . . 

C o m p r e s s i b i l i t  

I n i t i a l   F i n a l  
- .. ( X )  ( 2 )  " 

. "  

47.3 21.0 

47.3 21 .1  

47.3 16.2 

8.5 11.1 

8.5 1 0 . 3  

8.5 10 .0  

. .  
47.3 13 .5  

47.3 14.9 

47.3 12.6 

13. a 9.4 

13 .8  9.6 

13.8 1 0 . 8  
." . . ~  .. 

Y l  
-1 .. 

7 
1 

. -  

P e r m e a b i l i t y   ( 7 :  
X 10"s 

Fnl'tl'ai" F i n a i  " 

1.61  1 .37 

1 .61  1 . 5  

1 .61  1.04 

". ~ . ~. ~ .~ 

0 .91  2.62 

0 . 9 1  1 .04 

0 . 9 1  11 .52  

1 . 6 1  2.71 

1- 6 1  d i s p l .  
No pos.  

detecte_d_ 

0.47 0.50 

0.47 0.70 

0.47 0.03 
. . . . . .  

(1) S e e   T a b l e  1 f o r   e x p o s u r e  test c o n d i t i o n s  
( 2 )  From ASTM. F36-66 "Standard  Method of T e s t   f o r   c o m p r e s s i b i l i t y   a n d   r e c o v e r 1  

( 4 )  Material KEL-F-3700, Mfg. I n d u s t r i a l  Electric Rubber  Prod. 
(3)  Given as a n   a v e r a g e   v a l u e .  

( 6 )  Material Viton  (77-545) .  Mfg. P a r k e r   S e a l  Company 
( 5 )  Material Ethylene   Propylene   (E515-8)  Mfg. P a r k e r   S e a l  Company 

( 7 )   P e r m e a b i l i t y ,  cc-cm/sec-cm2-ATM 

o f   g a s k e t  material. 
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I 

"" ..._I_ 
Mater 

I n i t i a l  

.~ 

White (1) S i d e  
Yellow-White 
(1) S ide  
Smooth Dul l  
F i n i s h  

." 

Black  Uniform 
Dul l   F in i sh  

White (1) Side  
Y1-white (1) 

d u l l   f i n i s h  
s i d e  - smooth 

~ ~~ ~ 

0 

marble  shaded 
Blue-Black 

smooth f i n i s h  

~ _ ~ _ _  

- Visua l  Obseyv.&tion 
so1 
" 

i Initial 

1 -  Yl-Gn-Br 
Shades 

Y1-Gn-Br 
Shades 

Dark Brown 
Shades- 

No change 
(Odor  given  off  
N o  change 
(Odor g iven  off 
N o  change 
(Odor  given off 

B r  color on 
exposed   s ides  
B r  c o l o r  on 
exposed   s ides  
Reddish-brown 
color 

N o  change 

N o  change 

NO change 

~ . .  .~ 

CLEAR 

.~. 

CLEAR 

CLEAR 

i' I ". ~ .. 

Y1-Br-Cast 

Y e l l o w  Cas t  

Y 1 - B r - C o l o r  

No change 

B1-Gn-Cast 

Yellow-Gn 
c a s t  

- 

Br igh t  Y1- 
Orange 
B r i g h t  

B r i g h t  
orange  

orange  

No change 

No change 

N o  change 

"" - 
zompress ib i l i t )  

-26.3 

-26.2 

-31.1 
. . .. - " 

+2.6 

+l. 8 

+ l . 5  

~~ ~ ~ I 

-33.8 

-32.4 

-34. I 

." ~ 

-4.4 

-4.2 

-3.0 
. - " - -. . - " - . 

er Cent  Ch 
Permeabi l i  

-14.9 

-0.04 

-35. 4 
- .-____ 

+188.0 

+14.3 

12x10' 

+ 2 1 . 1  

+68.3 

-100 

+O. 064 

+48.9 

-93.6 

Weight 

-0.27 

-0.23 

-0.23 

+O.OG 

-0.06 

+0.09 

-0 .29  

-0.32 

-0.35 

+o. 42 

+O. 53 

+0.70 

1 

NOTE : For   t h i s   page   on ly :  

B 1  = Blue 

B r  = Brown 

Gn = Green 

Y 1  = Y e l l o w  
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Manufacturers   l is ted  data   for   "average"  compression set va lues  
f o r   t h e  materials are as  follows: 

KEL-F 24% 1 6  hours &I 212OF 

Ethylene  Propylene 47% 2 2  hours 61 2120F 

Viton 1 0 %  2 4  hours 6I 3000F 

3.3.2.3 Weiqht and Dimensional  Measurements 

Change i n  Weight: 

The test  samples were washed, dried  and  weighed.  Weight 
measurements  of  the  samples are l i s t e d   i n   T a b l e  16 .  

Linear  Dimensions : 

Measurements were made  by micrometer or d i a l  gauge  where 
appropr ia te .  

3 . 3 . 3  Immersion Tests 

Immersion t e s t i n g   c o n s i s t e d  of  immersing the   gaske t   ma te r i a l s  
samples i n  30 weight  per  cent K2C03 a t  1750F f o r  t h e  a l k a l i n e  
s t ages   and   i n  38 weight  per  cent H2S04 a t  195OF f o r   t h e   a c i d  
s t age .  The various  samples were immersed i n  t h e  e l e c t r o l y t e s   f o r  
per iods  of  2 0 0 ,  500 and 1 , ,000  hours.  Measurements of weight, 
th ickness ,   compress ib i l i ty   and   permeabi l i ty  were made before  and 
a f t e r   t h e  immersion tests as described  above. The test  apparatus  
used   fo r   t he   me ta l l i c   ma te r i a l s   co r ros ion  tests was used t o  
provide  the  temperature   control led  environment   for  t h e  gaske t  
materials immersion tests. 

3.3.4 Conclusions 

From t h e   r e s u l t s  of t h e  tes t  program  conducted  on  the  gasket 
mater ia l s   and   the  data presented   in   Table  1 6 ,  the  following  con- 
c l u s i o n s   a r e  drawn. 

For   t he   a lka l ine   s t age ,   r ev iew of t h e   d a t a   o b t a i n e d   f o r  Kel-F and 
Ethylene  Propylene  indicates:  (1) weight  changes  are less than  
one   per   cen t   for   bo th   mater ia l s ,  ( 2 )  t h e   c o m p r e s s i b i l i t y  of 
ethylene  propylene  increases  by a small   percentage  (approximately 
2%) whi le   the   compress ib i l i ty  of Kel-F decreases  by 25 t o  30 per- 
cen t ,   i nd ica t ing  a s l i gh t   ha rden ing   e f f ec t ,   and  (3) whi le   the  
permeabili ty  of Kel-F decreased, it was found t h a t   t h e   p e r -  
meabili ty  of  ethylene  propylene  increased - ra ther   cons iderably  
a f t e r  1 , 0 0 0  hours.   Preference is expressed ,   therefore ,   for  Kel-F 
g a s k e t s   f o r   t h e   a l k a l i n e   s t a g e .  

Test resu l t s  f o r  Kel-F and  Viton  material  samples i n   a c i d  show: 
(1) weight  changes are less than  one  per  c e n t   f o r   b o t h   m a t e r i a l s  
(2) t he   compress ib i l i t y   dec reased   fo r  both  mater ia ls ,   being 
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g r e a t e r   f o r  Kel-F, and (31 t h e   p e r m e a b i l i t y  of both materials 
d i s p l a y e d  almost i d e n t i c a l   p a t t e r n s .  From t h e s e   r e s u l t s ,   V i t o n  
is p r e f e r r e d   f o r   t h e   a c i d   s t a g e .  

D i s c o l o r a t i o n  of t h e  Kel-F  samples w a s  o b s e r v e d   i n  both t h e  
a lka l ine  and   ac id   exposures   du r ing   t he  1.,000 hour   t e s t ing .  
Ethylene  Propylene  and  Viton,  however, showed  no d i s c o l o r a t i o n  
wh i l e  exposed t o  t h e  a lka l ine   and   ac id   env i ronmen t s   r e spec t ive ly .  
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APPENDIX I 

ESTIMATION OF THE ELECTRODE POTENTIAL  OPERATING 
DOMAINS FOR STAGES I, I1 AND I11 OF THE CARBONATION CELL SYSTEM 

Notes : 

2 )  All p o t e n t i a l s  are r e p o r t e d   w i t h   r e s p e c t   t o   t h e  
s tandard   hydrogen   e lec t rode .  

Staqe Parameters 

Temperature: 80OC Cathode  gas  composition: 0.5% C 0 2  

E l e c t r o l y t e :  28% K2C03 Anode gas   composi t ion:  57% C02 

Electrodes:   American Cyanamid AB-6 

Balance A i r  

Balance O2 

(1) The h a l f  ce l l  p o t e n t i a l   f o r   t h e   S t a g e  I oxygen  react ion i s  
ca l cu la t ed   f rom  the   Nerns t   equa t ion  and is as  fo l lows:  

Eo2 = 1.229 - 0.070 pH + 0.015 LOG Po2 

For pH = 1 3  

T = 8OoC Eo2 = 0.319 v o l t  

= atm 

The tempera ture   dependence   of   the   s tandard   oxygen   po ten t ia l  
a n d   t h e   o x y g e n   p a r t i a l   p r e s s u r e   d e p e n d e n c e   o f   t h e   h a l f  ce l l  
po ten t i a l   have   been   neg lec t ed  (< 50 mv). 

(2) The  measured  half ce l l  p o t e n t i a l  f o r   t h e   s y s t e m  0 2 / P t  Black/ 
6N KOH a t  T = 25OC and Po, = 0.2 a t m  i s  0.228 v o l t .  ( 5 6 )  

The c a l c u l a t e d   p o t e n t i a l   f o r   t h e   a b o v e  system is d e r i v e d  
f rom  the   fo l lowing  : E02 - 
is a measured  value  equal  t o  0.88g vol t  and EH~-O? = 1.229 
V, is a c a l c u l a t e d  cell  p o t e n t i a l   f o r   a n   i d e a l  H 2 - 0 2  f u e l  
cell .  (73) 

- EH2-0 'EH2 = 0.344v where EH2 

The d i f f e r e n c e   i n   p o t e n t i a l   b e t w e e n   t h e   c a l c u l a t e d   a n 6  
measured Eo2 is: 0.344 - 0.228 = 0.116 vol t  r e p r e s e n t i n g  
t h e   d e v i a t i o n  of t h e   c a l c u l a t e d  O2 p o t e n t i a l   f r o m   a c t u a l  
c o n d i t i o n s .  It w i l l  be assumed t h a t   t h i s   d i f f e r e n c e   i n  
p o t e n t i a l  is  independent   of   temperature   (25 - 9OOC). 
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(3) The co r rec t ed   ca l cu la t ed  oxygen half  cell p o t e n t i a l  is: 

0.319 - 0.116 = 0.203 v o l t  

The above represents  an  approximation t o  a measured  oxygen 
ha l f  cell  open c i r c u i t   p o t e n t i a l  for t h e  first s tage .  It is  
t h e   f i r s t   c o o r d i n a t e  on t h e   h a l f  ce l l  po la r i za t ion  curve. 

( 4 )  The measured oxygen  half cel l  p o t e n t i a l s  a t  a c u r r e n t  
dens i ty  of 75 A S F  for   the   sys tem 02 /P t  Black/6N KOH a t  T = 
25OC and Po2 atm are as follows: (56) 

Anode (oxygen  evolution): 0.748 v o l t  

Cathode  (oxygen  reduction) : 0.002 v o l t  

( 5 )  The po la r i za t ion  of t h e  measured  oxygen  half ce l l  p o t e n t i a l s  
a t  75 A S F  from t h e  measured  open c i r c u i t   p o t e n t i a l  for  t h e  
above  system are as follows: 

Anode : 0.748 - 0.228 = 0.52 v o l t  

Cathode:  0.228 - (-0.002) = 0.23 v o l t  

( 6 )  An approximation t o  t h e  measured  half ce l l  p o t e n t i a l  a t  75 
A S F  fo r   t he   sys t em 02 /P t  Black12896 K & 0 3  (Stage I) i s  as 
follows : 

Anode : 0.203 + 0.520 = 0.723 v o l t  

Cathode:  0.203 - 0.230 = -0.027 v o l t  

(7)  An approximation t o  t h e  c o n c e n t r a t i o n   p o l a r i z a t i o n   a t  t he  
anode  (due t o  OH- i o n   l i m i t a t i o n s )  may be  obtained by deter- 
mining t h e  d i f f e r e n c e   i n   p o l a r i z a t i o n  between the  systems 
H 2 / P t  Black/34% KOH P t  B l a c k / O ,  and H 2 / P t  Black/34% K2C03/P t  
B l a c k / O z  a t  75 ASF. 

This   d i f f e rence  is  given by t h e  following  equation: 

A E i R  f r e e  = [EOH- + i R  drop] - rcoT + i R  

= 0.89 + 

= 0.39 v o l t  

75 X 0 - 5  - 0.45 - 75 x 0.5 x 2.5 
1 x 10 3 1 x 10 3 

(8)  Adding t h e  concen t r a t ion   Wla r i za t ion  component t o  t h e  
approximated anode  (Stage I) ha l f  ce l l  po ten t i a l   g ives :  

0.723 + 0.39 = 1.113 v o l t s  

137 



P o t e n t i a l  75 ASF oxygen  evolution  (anode) 

Open c i r c u i t - h a l f  cel l  p o t e n t i a l   S t a g e  I 

SHE 

-0.027 P o t e n t i a l  75 ASF oxygen  reduction  (cathode) 

Staqe II Parameters 

Temperature: 80OC Cathode  gas  composition 57% C 0 2  
Ealance O2 

Elec t ro ly t e :   31  % w t  KZC03 Anode gas  composition 79% COz 

Electrode:  American Cyanamid AB-6 
Balance O2 

(1) The ha l f  c e l l  p o t e n t i a l   f o r  t h e  Stage I1 oxygen r eac t ion  is 
ca l cu la t ed  from the   Nerns t   equa t ion  and is  as   fo l lows:  

= 1 . 2 2 9  - 0.070 pH + 0.015 LOG P 
O2 

For p H  = 10.5 

T = 8OoC 

P = 1 atm E = 0.494 v o l t  
O2 O2 

( 2 )  See ( 2 )  Stage I deriv?t.ion. 

( 3 )  The co r rec t ed   ca l cu la t ed  oxygen  half ce l l  p o t e n t i a l  is  

(4 1 See (4 ,, Stage I der iva t ion .  

( 5 )  See (51,  Stage I de r iva t ion .  

( 6 )  An approximation t o   t h e  measured  half c e l l  p o t e n t i a l   a t  75  
ASF f o r   t h e  System  02/Pt/31 X w t  K,C03 (Stage 11) i s  a s  fol- 
lows : 

Anode : 0.378 + 0.520 = 0.898 v o l t  

Cathode:  0.378 - 0.230 = 0.148 v o l t  

(7) See (7),# Stage 1 der iva t ion .  
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(8) Addi t ion   o f   t he   concen t r a t ion   po la r i za t ion   componen t  t o  . the 
approximated  anode  half  c e l l  p o t e n t i a l   g i v e s :  

0.898 + 0.39 = 1.288 v o l t s  

SLE%Y 
1 .288   Po ten t i a l  75 ASF-oxygen evolu t ion   (anode)  

0.378 Open c i r c u i t - h a l f  c e l l  p o t e n t i a l   S t a g e  11 

0.148 Potential 75 ASF-oxygen r educ t ion   ( ca thode )  

0 SHE 

Staqe I11 Parameters  

Temperature: 90°C Cathode  gas  composition = 79% C O X  

E l e c t r o l y t e :  38% H,SOI, Anode gas   composi t ion  = 100%  oxygen 

E l e c t r o d e s :  American  Cyanamid AA-1 

Balance O2 

pH < 0 

T h e  measured   oxygen   reduct ion   po ten t ia l  for t h e   s y s t e m  Pt/0,/305i 
w t  H,SOr a t  60  A S F ,  T = 65OC is 0 .75  w i t h  respect t o  a hydrogen* 
e l e c t r o d e   i n   t h e  same s o l u t i o n   a n d  a t  t h e  same t empera tu re  1 7 6 ) .  
It  is e x p e c t e d   t h a t   t h e   a c t u a l   p o t e n t i a l  will be more anodic  due 
t o  t h e   h i g h e r   o p e r a t i n g   t e m p e r a t u r e   a n d  e l e c t r o l y t e  
c o n c e n t r a t i o n .  

The  measured ce l l  p o t e n t i a l  for t h e   s y s t e m  O2 (PO2  = 0.2  a t m ) /  P t  
Black1381 H2S04/Pt  Black/O,  (PO2 = 1 atm) a t  60 A S F ,  T = 40°C is 
= 1 .075  v o l t s  ( 6 1 ,  75). This  c e l l  p o t e n t i a l  is  a m e a s u r e  of the 
p o t e n t i a l   d i f f e r e n c e   b e t w e e n   t h e  oxygen reduct i -on   and   evolu t ion  
p rocess .  

Addi t ion  of t h e  oxygen  reduct ion   ha l f  c e l l  p o t e n t i a l  to the 
oxygen  concentrat ion c e l l  p o t e n t i a l  gives t h e  o x y y m  e v o l u t i o n  
h a l f  c e l l  p o t e n t i a l  a t  bo  A S F  e q u a l   t o  1 . 8 2 5  vo l - t s  !0.75 0 1.075)  
w i t h   r e s p e c t  t o  a h y d r o g e n   e l e c t r o d e   i n   t h e  same s o l u t i o n  dnd a t  
t h e  same tempera ture .  

Summary 

1-825 1 ASF 

]Poten t ia l   oxygen   evolu t ion   (anode)  60 

0.75 1 ASF 
P o t e n t i a l  oxygen  reduct icn  (cathode)  60  

0.0 Hz e l e c t r o d e   i n  same s o l u t i o n   a n d  temp- 
e r a t u r e  

* T h i s   e l e c t r o d e  is assumed t o  be e q u a l   i n   p o t e n t i a l  t o  t h e  
SHE. 
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APPENDIX I1 

ESTIMATION OF HYDROGEN I O N  CONCENTRATION (pH) of STAGES I, 11, 
AND 111 OF THE CAIIBONATION CELL SYSTEM 

The  hydrogen ion   concent ra t ion  (pH) of  an  aqueous  solution of 
potassium  carbonate is a func t ion  of t h e   p a r t i a l   p r e s s u r e  of t h e  
ca rbon   d iox ide   i n   con tac t   w i th   t he   so lu t ion  a t  constant  temper- 
ature and  concentrat ion of potassium  ions.   Therefore ,   the  pH of 
Stages I and I1 may be   ob ta ined   f roman  express iondescr ib ing   the  
concent ra t ion   o f  H+ (or OH-) as a func t ion  of carbon  dioxide 
p a r t i a l   p r e s s u r e .  

The  non e lec t rochemica l   reac t ions   which   occur   in   the   carbonat ion  
s t a g e s   a r e  as follows: 

( 2 1 COS= + HzO-HCOa’ + OH- 

The concent ra t ion  of t h e   i n d i v i d u a l   s p e c i e s  a t  equi l ibr ium is 
determined by t h e   i o n i z a t i o n   c o n s t a n t s   f o r   t h e  above react-ions,, 
which a r e  

n 

The so lu t ion   concen t r a t ion  of carbon  dioxide COP may be expressed 
as a func t ion   of   the   gas   phase   par t ia l   p ressure  of carbon  dioxide 
(Henry’s Law) as follows: 

The expres s ion   fo r  Ki and K2 may  now be rearranged as follows: 

Subs t i tu t ing   Equat ion  ( 3 )  i n t o  (4) gives:  

The product   of   the   concentrat ion of hydroxyl (OH-) and  hydrogen 
ions   in   an   aqueous   so lu t ion  a t  a given  temperature i s  a cons tan t  
and is expressed by the  fol lowing  equat ion:  

( 6 )  Kw = [ H+] [OH-] = ion-product  constant.  
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Rearrangement of (6) and  substitution of (5)  gives: 

(73 - 
p C0-J K2 

where pH = -LOG[H'] 

The  parameters Kw, k,, :K1 Ka are  constant  at  any  given  temper- 
ature.  The  concentration  of H COS-  may  be  expressed  as a 
function  of Pco2. 

The  validity  of  the  above  derived  pH = F (PC02)  relationship w a s  
checked  by  computing  the pH of reaction  (1)  for a given  set  of 
parameters  and  comparing  it  to a measured  value.(57) 

The  derivation is as follows: 

Parameter 

P co2 
T 

C 

K1 

k 

The CO;] 

Value 

1 atm 1 
Reference 

8 O°C 

2.5  moles/liter 

1.37 X 103 

0.00915 (extrapolated;  from  Handbook of 
Chemistry 8 Physics) 

1-79 X 10-4 (from Handbook of Chemistry 6 

2.95 X 10-23 (from International  Critical 

Physics) 

Tables  Vol 6, p 152  Table of 
Best  Values) 

is  derived  from  Equation ( 3 )  as follows: 

[H CO;] 

Let x = concentration of reacted [CO;] 

c = initial  concentration  of [COG] Moles/Liter 

2x = equilibrium  concentration of [H CO, ] 
c-x = equilibrium  concentration of [CO.'] 

*Used  ionization  value at 25OC  assumed  the  ratio  to be independ- 
ent  of  temperature. 
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Rearrangement of (3) a n d   s u b s t i t u t i o n  of the   g iven   va lues   g ives :  

4 X L  
= 1.37 x 10 3 

(C-X) (0.0092 Pco ) 
2 

Therefore,  

X = 1.6 

[H C0,-] = 2 x 3..2 Moles/Liter 

Derive [H+]  from  Equation (7) 
k P." 

LU 

Kw K 1  
2 

[H+]= - 
K2 [H LO3-] 

[ "'1 = 
2.95 X x 1.37 x 10 x 0.0092 x 1 

1.79 x 1 0-4 3.2 

Derive p H  :. pH = -LOG (A+) 

= - [LOG 6.5 + LOG 10-9] 

= 9 -0.8 

pH = 8.2 

The measured p H  for t h e  same system  condi t ions i s  reported a s  
8-85. (57 )  

The fo l lowing   t ab le  i s  a summary of t h e  estimated p H  of Stages I 
and 11 under   t he   spec i f i ed   cond i t ions  of temperature,   carbon 
d ioxide   p ressure   and   e lec t ro ly te   concent ra t ion .  

Anode Cathode 

Stage I 8.. 7 10 

Stage I1 8 . 3  8.4 

Stage III* (0 <Q 

*"St rongm  e lec t ro ly te   independent  of gas  phase composition. 
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APPENDIX III* 

POURBAIX DIAGRAMS 
CONSTRUCTION METHOD, INTERPRETATION E LIMITATIONS 

The  purpose  of a Pourba ix   d iagram is t o  d i s t i n g u i s h   c o n d i t i o n s  
f o r  which a g i v e n   c o r r o s i o n   r e a c t i o n  i s  o r  is n o t   p o s s i b l e .  
Essen t i a l ly   Pourba ix   d i ag rams  are a composite fo rmula t ion  of t h e  
e q u i l i b r i a   o f  a l l  t h e   r e a c t i o n s   p o s s i b l e   i n  a g iven   sys tem as a 
func t ion   o f  t w o  i ndependen t   va r i ab le s .  The o t h e r   p o s s i b l e  
variables are cons ide red  as  parameters. These t w o  independent  
variables are chosen i n   s u c h  a way t h a t   t h e   e q u i l i b r i u m   f o r m u l a e  
are l i n e a r  or p r a c t i c a l l y   l i n e a r .  The   independent   var iab les  are 
t h e   e q u i l i b r i u m   e l e c t r o d e   p o t e n t i a l   a n d   t h e  pH o f   t h e   s o l u t i o n   i n  
t h e  case o f   e l ec t rochemica l   sys t ems   i nvo lv ing   an   aqueous  
s o l u t i o n .  By t h i s  method t h e   e q u i l i b r i u m   c o n d i t i o n s   o f  a l l  the 
r e a c t i o n s   p o s s i b l e   i n  a g iven   sys tem are r e p r e s e n t e d  on a p l a n e  
diagram by f a m i l i e s   o f   s t r a i g h t   l i n e s .  

For each e lement   cons idered  the  e q u i l i b r i u m   c o n d i t i o n s   ( b o t h  
where   t he re  is  a p o s s i b i l i t y   o f   e x c h a n g i n g  e lec t r ica l  work wi th  
the e x t e r i o r   a n d   w h e r e   t h e r e  is n o t )  are c h a r a c t e r i z e d   f o r  
systems whose c o n s t i t u e n t   s p e c i e s  are: t h e   e l e m e n t   i n   q u e s t i o n ,  
i ts  i o n s   i n   a q u e o u s   s o l u t i o n . ,  water and i t s  c o n s t i t u e n t s  
(hydrogen  ions,   and  hydroxol   ions,   gaseous  hydrogen  and oxygen) 
a n d   t h e   p r o d u c t s  of t h e   r e a c t i o n s  of t h e   e l e m e n t   w i t h   t h e s e  
spec ie s   (ox ides   and   hydrox ides ,   hydr ides , ,  etc.  ) . I n  t h i s  manner., 
the  e q u i l i b r i u m   c o n d i t i o n s  of e l e c t r o c h e m i c a l   r e a c t i o n s   c a n   b e  
r e p r e s e n t e d  by a r e l a t i o n   b e t w e e n   t h e   e q u i l i b r i u m   p o t e n t i a l   a n d  a 
l i n e a r   c o m b i n a t i o n  of logari thms  of  ac t iv i t i e s  or c o n c e n t r a t i o n s .  
I n  a p a r t i c u l a r   c a s e   o f   n o n - e l e c t r o c h e m i c a l   r e a c t i o n s ,   t h e   e q u i l -  
i b r i u m   c o n d i t i o n s  assume a s imple   fo rm  a s   no   equ i l ib r ium 
p o t e n t i a l  is invo lved .   These   cond i t ions  are  then   expres sed  by a 
r e l a t i o n  between  an  equi l ibr ium  constant   and a l i n e a r   c o m b i n a t i o n  
of logarithms of a c t i v i t i e s   o r   c o n c e n t r a t i o n s .  

The l i n e a r   c o m b i n a t i o n  of the   Loga r i thms  of t h e   s p e c i e s ‘  
a c t i v i t i e s   d i f f e r e n t   f r o m   h y d r o g e n i o n s i s   g i v e n  a n a t u r e   o f  a 
parameter  which is var iab le   f rom  one   curve  t o  a n o t h e r   i n   e a c h  
f ami ly  of equ i l ib r ium  cu rves .   Fo r  electrochemical r e a c t i o n s  
wh ich   do   no t   i nvo lve   hydrogen   i ons ,   t he   l ocus  of p o i n t s  
r e p r e s e n t i n g   e q u i l i b r i u m   c o n d i t i o n s  w i l l  be s t r a i g h t   l i n e s  
p a r a l l e l  t o  t h e  p H  a x i s .  For pu re ly   chemica l   r eac t ions   i nvo lv ing  
hydrogen   ions   they  w i l l  b e   s t r a i g h t   l i n e s   p a r a l l e l  t o  t h e  
p o t e n t i a l   a x i s .  When t h e r e  i s  only   one  species of v a r i a b l e  
thermodynamic  level ,   the   parameter   which is t h e n   p r o p o r t i o n a l  t o  

”~___ * Note: The in fo rma t ion   con ta ined   i n   t h i s   append ix   has   been  
e x t r a c t e d   f r o m   t h e  l i t e r a tu re ,  tex tbooks   and   papers  
c o n t a i n e d   i n   t h e   f o l l o w i n g   R e f e r e n c e s   l i s t e d   u n d e r  
Bib l iography.   Reference  Numbers 15, 1 6 ,  1 8 ,  65  and 
66 .  
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t h e   l o g a r i t h m   o f   t h e   a c t i v i t y  of t h i s   s p e c i e s   c h a r a c t e r i z e s   t h e  
cond i t ions  Of " p r a c t i c a l   e x i s t e n c e  of t h i s   s p e c i e s   i n   t h e  
medium", as f o r  example, t h e  domain of condi t ions  under  which t h e  
equ i l ib r ium  can   be   r ea l i zed   i n   t he   p re sence  of apprec i ab le  
COnCentratiOnS of the   spec ies ,   F igure  84 d e p i c t s   t h e   g e n e r a l  
na tu re  Of the  Pourbaix  diagrams for  some of t h e   r e a c t i o n s  of t h e  
system  iron/water a t  25OC. 

The genera l   na ture   and   cons t ruc t ion  of a Pourbaix  diagram is 
o u t l i n e d  and  developed  with  the  ass is tance  of   this   diagram  as  
follows. The r eve r s ib l e   hydrogen   e l ec t rode   po ten t i a l  varies 
l i n e a r l y   w i t h  pH a t  constant  temperature  and  pressure.  The 
r e v e r s i b l e  oxygen e l e c t r o d e   p o t e n t i a l   v a r i e s   i n   t h e  same way with 
pH and is  readi ly   der ived   f rom  the   Nerns t   equa t ion .  The data f o r  
t h e s e  t w o  e l ec t rode   p rocesses   ac t ing   r eve r s ib ly  a t  25OC a r e  
p lo t ted   on  a potential/pH  diagram shown i n   F i g u r e  8 4 , ,  i n  which 
t h e   f i e l d   r e p r e s e n t e d  by the  graph becomes d i v i d e d   i n t o   t h r e e  
areas. Wi th in   t he   cen t r a l  area bounded by t h e   s l o p i n g   l i n e s ,  
water is  thermodynamically  stable  and  cannot  be decomposed 
e l e c t r o l y t i c a l l y   i n t o  hydrogen  and  oxygen. The remaining areas 
are t h o s e   i n  which it is poss ib l e  t o  decompose water. Thus,, 
water can be e lec t ro lyzed   on ly  when t h e   c a t h o d e   p o t e n t i a l  is 
below t h e  lower l ine   (Reve r s ib l e  Ha Reaction)  and  the cor- 
responding  anode  potent ia l  i s  above-the  upper l i n e  (Reversible  o2 
React ion) .  It is e s s e n t i a l  t o  r e a l i z e   t h a t   t h e   d i a g r a m   i n d i c a t e s  
o n l y   t h e   p o s s i b i l i t y   t h a t  water can   be   e l ec t ro lyzed .   In   ac tua l  
prac t ice ,   even  when the   appropr i a t e   po ten t i a l   cond i t ions   a r e  
s a t i s f i e d   t h e  rate of e l e c t r o l y s i s  may be so s m a l l   t h a t   a t  some 
c h o s e n   p o t e n t i a l   t h e   p o s s i b i l i t y  of water decomposition  can  be 
ignored. 

S imi l a r ly ,   o the r   r eac t ions   such   a s   t he   i ron /wa te r   sys t em  can   be  
superimposed  on  Figure 84,, to y i e l d   t h e  domains  of  corrosion i m -  
munity  and  passivation for  i r o n ,  f o r  example, t h e   e l e c t r o d e  re- 
a c t i o n s  which occur among i r o n  metal,, f e r rous   and   f e r r i c   i ons   and  
numerous o ther   ox ida t ion   products   o f   i ron   such  as  magnetite  and 
haematite.  The r e v e r s i b l e   e l e c t r o d e   p o t e n t i a l  of i r o n   i n  
equi l ibr ium  wi th   fe r rous   ions  is derived  from  the  Nernst   equation 
and is seen t o  be  independent  of pH.  On the  potent ia l /pH  diagram 
(Pourba ix) ,   the   i ron / fe r rous   ion   equi l ibr ium is  t h e r e f o r e  
expressed by a series of   hor izonta l   l ines   each   cor responding  t o  a 
pa r t i cu la r   ac t iv i ty   o f   f e r rous   i ons .   These   ho r i zon ta l   l i nes  are 
shown on  Figure 84 f o r   f e r r o u s   i o n   a c t i v i t i e s  of l o o ,  lo-",, 
and 10-6 gram-ions  per  liter- I t  is  t o  b e   n o t e d   t h a t   t h e   l i n e s  
end  abrupt ly  a t  pH values  varying  from 6.6 to 9.6. This   occurs  
s ince   t he   equ i l ib r ium  canno t   ex i s t   be tween   i ron   and  ferrous ions  
a t  a n   a c t i v i t y  of much more than  10-6 gram-ions  per liter i n  a 
s o l u t i o n  whose pH is g rea t e r   t han  9.6., because  ferrous  hydroxide 
is p r e c i p i t a t e d .   I n  a similar manner t h e  reversible equi l ibr ium 
between  ferrous  ions  and  ferr ic   hydroxide are p l o t t e d   i n   F i g u r e  
8 4 ,   f o r   f o u r   a c t i v i t i e s   o f   f e r r o u s   i o n s .  The f o u r   l i n e s   p a s s  
from t h e   t o p  l e f t  hand corner  of t h e   f i g u r e  t o  p o s i t i o n s   n e a r   t h e  
center   correspondinq t o  z e r o   e l e c t r o d e   p o t e n t i a l  and s t o p  a t  pH 
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va lues  from 4.0 to 7 . 0  because of the   r educ t ion  of f e r r i c  
hydroxide. The c o n t i n u a t i o n   o f   t h e s e   l i n e s  as shown r ep resen t s  
t h e  equilibrium  between  ferrous  ions  and  magnetite.  

 he i n t e r p r e t a t i o n  of t h e   v a r i o u s  areas of t h i s   p o t e n t i a l  pH 
diagram is  as follows. Assme t h a t  a pure  specimen of i r o n  metal 
is maintained a t  a p o t e n t i a l   o f  -0.44 v o l t s   i n  a de-oxygenated 
aqueaus   so lu t ion  of p H  equal  t o  zero. Tire d i ag ram  ind ica t e s   t ha t  
iron will d i s s o l v e   u n t i l  a f e r r o u s   i o n   a c t i v i t y  of un i ty  is 
reached. A t  t h e  same t i m e  hydrogen may be evolved a t  t h e   i r o n  
since the condi t ions  are maintained  below  the  revers ible   hydrogen 
l i n e .  It should be n o t e d   t h a t   t h e s e   i n d i c a t i o n s  of poss ib l e  
reactions have been derived  from  arguments  based  on  reversible 
equ i l ib r i lm   cond i t ions   on ly -  If Figure 8 4  is completed  with  the 
remain ing   po ten t ia l  p H  xe l a t lons  for t h e  electrode r e a c t i o n s  of 
i r o n  and i ts  oxidation  procruct  and by t a k i n g   i n t o   a c c o u n t   t h e  
f ac t  that some of t h e  iron. oxides  are known t o  fom a p r o t e c t i v e  
f i l m  OR t h e  metal fol lowing  their   formation,   domains of 
cor ros ion ,  imrtlunity  and passivat ion  can  be  sketched,  This is 
shown in Figure 85. 

The following d e f i n i t i o n s  of t h e  terms cor ros ion ,  immunity  and 
pass iva t ion  should be noted. 

Corrosion is the  react . ion of a metal   with i t s  non-metallic  en- 
vironment that results i n  a con t inu ing   d i s so lu t ion  of the   meta l .  
In t h e  case of the Pourbaix  diagrams  the lower limit of cor ros ion  
of a metal is a r b i t r a r i l y  set a t  potential which  forms 10-6 gram- 
ions per  l i ter .  

Pass iva t ion  is t he   p rocess   l ead ing  t o  a more or  less p e r f e c t  
p a s s i v i t y  sf the mate r i a l .   Pas s iv i ty  is def ined  as  the state of 
a metal i n  which  corrosion i n  a par t icular   environment  is 
prevented by modif icat ions of its surface, ,   €or  instance, ,  by t h e  
formation of a thin p r o t e c t i v e  Layer of oxide,  The r e a c t i o n  
produet involved i n   p a s s i v i t y  m y  vary   wide ly   in   the   degree  of 
p r o t e c t i o n  it provides.  

Immunity is  t h a t   s t a t e  of a metal. i n  which  corrosion i s  thermo- 
dynamica1,ly  impossible i n  a par t icu lar   envi ronment .  The 
l i m i t a t i o n s  i n  t h e   a p p l i c a t i o n  of Pourbaix  diagrams t o  r e a l  
systems may be b r i e f l y  summarized as follows.  Real  corrosion 
s i t u a t i o n s   o f t e n   i n v o l v e   s i g n i f i c a n t  departures from equi l ibr ium. 
The d iagram  re fers  t o  the   pu re   me ta l ,   no t   a l l oys ,  and t o   p u r e  
wa te r ,   f r ee  of substances  capable   of   e i ther   forming  soluble  
c0mpLexes or inso lub le  compounds. The pH va lue   i nd ica t ed   i n   t he  
diagsam i s  t h a t  of t h e  s o l u t i o n  i n  d i r ec t   con tac t   w i th   t he   me ta l  
and i s  n o t   n e c e s s a r i l y   t h a t  of t h e   s o l u t i o n   a s  a whole. 
Information on t h e  ra te  of cor ros ion  is  n o t   g i v e n   d i r e c t l y  by t h e  
diagram. 
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APPENDIX I V  

CONSTANT POTENTIAL CORROSION TEST 

Reduction of spectrographic  analyses of electrolyte s o l u t i o n s  t o  
average corrosion rates i n  m i l s  per year. 

1. T e s t  Conditions 

Metal 

Platinum 

Zirconium 

Titanium 

Potent ia l  
w . r .  t. DHE* 

2 .1  

2 . 1  

2.1 i Temperature 
O C  

Purge Gas 

8 0  

80 

80 

Elec t ro ly te  

30% KaCO, 

30% KZCO, 

30% K2CO3 

*DHE - Dynamic Ha Electrode 

vs - 
inpy  - 
c, - 
t -  

MW - 
e -  

ic - 
m w  - 
d f  - 
AS - 

A V m  - 

i c  = 

= 

c o r r o s i o n   . c u r r e n t   e q u i v a l e n t  t o  1 . 0  m i l  per y e a r   i n  micro amperes .  

C o n c e n t r d t i o n  ot m e t a l  in s o l u t i o n   a t   e n d  of t e s t ,  ppn! by weig:11" 

T e s t   d u r a t i o n   a t   c o n s t a n t   p o t e n t i a l ,   s e c o n d s .  

Gram n m l e c u l a r   w e i g h t  ot m e t a l .  

E l e c t r o c h e m i c a l   e q u i v a l e n t  of metal, g r a m s / a m ~ ~ e r e - s e c u n d .  

A v e r a y e   c o r r o s i o n   c u r r e n t ,   m i c r o a m p e r e s .  

A v e r a g e   c o r r o s i o n   c u r r e n t   e x p r e s s e d   i n  m i l s  per- y e a r .  

E l e c t r o l y t e   s o l u t i o n   d e n s i t y  d L  end oi tes t ,  yrams/cc (25"C). 

s u r f a c e   a r e a  of tes t  e l e c t r o d e ,  a n a .  

V o l u m e  of m e t a l   i n  d 0 .001  i n c h   l a y e r   a t   s u r - f a c e  of salnple, 

= A s  x 0.0025U [ C m 3 )  

C, x d f  x V, x 103 

e x t>t 
microdr,;perus 

+t - s e c o n d s   i n   o n e   y e a r  = 3.154 x 107 
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APPENDlX V 

PERMEABILITY AND COMPRESSIBILITY CALCULATIONS 
FOR  GASKET MATERIALS 

G a s  volume change - pressure  and  temperature   correct ions.  See 
Figure 86. From the   s t anda rd   gas   equa t ion ,  

Pi Vi = n R Ti 
i 

where "in r e p r e s e n t s   i n i t i a l   c o n d i t i o n s .  

Therefore,  

and 

where "F" r e p r e s e n t s   t h e   f i n a l   c o n d i t i o n s .  

The f i n a l  volume o f   t he   gas  is  given by 

VF = v.  +nv 
1 

The change i n   t h e  number of gram moles i s ,  t h e r e f o r e  

or 

The sample  calculat ion is shown for   the  pre-exposure  permeabi l i ty  
test  f o r   t h e  Kel-F sample in   Tab le   17 .  The fo l lowing   a re   the  
v a l u e s   f o r   t h e  terms i n   e q u a t i o n  (1): 
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." 

V = FIXTURE GAS VOLUME, crn3 

V 2  = TUBE GAS VOLUME ( I N I T I A L ) ,  cm 

V.  = I N I T I A L  GAS VOLUHE (V + V2) ,  cnl 

VF = F I N A L  GAS VOLUME = V i  f A V  

h = HEIGHT OF L I Q U I D  COLUMN, cm 

1 3 

3 
1 

h 

- 1 
LOW  VAPOR PRESSURE 
MANOMETER F L U I D  
( s p . g r .  1.04) 

Figure 86 Permeability Test Apparatus 
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P = 741.2 mm Hg + 0.8 (cm  HaO) X 0.583 mm Hg = 741.78  mm Hg 
F 
pi = 744.5 Hg 

Vi = 4.008 cc 

TF = 23.9OC + 273.2 = 297.10K 

Ti = 25.6OC + 273.2 = 298.8Ox 

&V = 0-4 (0.1345) = 0.0538 cc 
(0.1345  cc/cm  of U-tube is average  value  for  gravimetric 
and  volumetric  measurements:  see  below  under  Test 
Apparatus.) 

n = number of gram-moles 

R = gas  constant = 62,,360  cc-mm  Hglmole OK 

Substituting  these  values  into  equation (1) gives 

= 0.0248 x lo-' moles 

= 0.0248 x 10-4 x 22.4 x lo3 = 0.555 x 10-1 cc at STP. 

Calculations  for  the  test  specimens  are  made by substituting  the 
measured  values  into  the  following  formula  defining  (PI  perme- 
ability of the  materials. 

p = ~ c c  ( S T P )  x cm ( t h i c k n e s s )  
Time  (sec) x Area  A(cm ) x A P  (atm) 

2 

Area A = - 3 . l 4 X  (1 .75 ) '  x (2.54) 2 
4 

= 15.281 cm7 

A P  = 1 Atm. 

The calculations  of  the  permeability (PI of the materials are 
listed  in  Tables 18 and  19 and are summarized  with  the  general 
gasket  immersion  data in Table 16. 
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T e s t  Apparatus - C a l i b r a t i o n  and Measurements 
Volume Determination 

F i x t u r e  Tube,Vol.( 1) Tube  Length F i x t u r e  Vol . .  
No.  v1 (cc) 

1.. 936 14.396 2.125 3 

1.900 14.127 2.05 2 

1.908 14.191 2.10 1 

va (cc) L ( c m )  
- 

fo r  I n i t i a l  G a s  

- 

Total Gas V o l  . (2 )  
v,+v, = 

4.008 

3.950 

4.061 

(1) C a l c u l a t i o n  of volume of t u b e   p e r  c m  l e n g t h  of U-tube 

( a )  Gravimetric 

I n i t i a l   m e a s u r e m e n t   7 . 6  c m  

F ina l   Measurement  - 6.5 c m  

1.1 c m  l e n g t h  of f l u i d  removed 
(one  side) 

F l u i d   d e n s i t y  = 1 . 0 4  gm/cc 
F l u i d   w e i g h t  = 0.310 gm 
F l u i d  volume = 0.298 cc 

Volume p e r  c m  l e n g t h  = - 0 * 2 9 8  = 0.1354 cc/cm. 
2 . 2  

( b )  Volumetric 

Cblume of l i q u i d   p e r  c m .  of U-tube as d e t e r m i n e d   u s i n g   p i p e t t e  = 
0.1336 cc/cm. 

Use a v e r a g e   v a l u e  of g rav ime t r i c   and   vo lumet r i c   measu remen t s ,  i . e . ,  

( 2 ) This  computed  volume ("i) is t h e   c a l i b r a t e d   i n i t i a l  volume 
for  t h e   t h r e e  t e s t  f i x t u r e s  and  i s  u s e d   i n   t h e   g e n e r a l  
e q u a t i o n  (1) and  page  153. See also Table 17. 
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TABLE 17 

P E R M E A B I L I T Y   T E S T I N G  
DATA  POINTS FOR PRE I M M E R S I O N  TESTS 

Material  Sample 
~ 

- 

Test  Time 
(Hr:Min) 

Manometer 
Reading (Cm) 

Temp  (OF) 

KEL-F 
~~ ~. "" 

0: 00 

216 : 06 

7.55 

7.95 

4.008 

78 

75 

744.5 

741.2 
.." . - 

Vi ton 

0: 00 

216 : 06 

7.05 

6.85 

4.061 

78 

75 

744.5 

741.2 
-. . . . 

Ethylene  Propylene 

0: 00 

216 : 06 

6.83 

6.75 

3.950 

78 

75 

744.5 

741.2 
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TABLE 18 

SUMMARY OF PERMEABILITY  CALCULATIONS FOR GASKET MATERIALS 

Sample 
Data 

E L - F  P.T. 

E.P-P.T. 

Viton P. T. 

* *  

11-K-2a 

11-EP-2a 

111-K-2a 

111-V-2a 

II=K- 5a 

11-EP-Sa 

111-K-5a 

111-V-Sa 

11-K-loa 

11-EP-loa 

III=K-loa 

111-V-loa 

Measured 
Volume 

(cm" stp) 

0.0555 

0.3202 

0.0173 

0.0449 

0.1823 

0.0540 

0,0189 

0- 0485 

0.3126 

0- 0532 

0- 0235 

0.0255 

0.2601 

Time 
(sed x 105 

7.776 

7.766 

7.776 

7.506 

1.494 

6.066 

7.506 

6.912 

6.912 

4-38 

6.912 

5-29 

5.29 

Thickness 
( cm) 

0.3429 

0 -3353 

0.3226 
.~ ~ 

0.3409 

0.3277 

0.3343 

0.3043 
~ ~~ 

0.3358 

0.3351 

0.3404 

0.3119 

0.3302 

0.3581 

No positive  displacement 
detected  in=379  hours 
0.0008 5.29 b . 3 0 4 8  

. ~ . 

~~ 
~ ~ ~- 

cc-cm 
x lo-' 

19.048 

10.737 

5.585 
-~ " .  ~~ ~ 

15.695 

5.976 

18.083 

5.776 
" 

16.296 

11.102 

18.126 

I .  332 

8.433 

93.142 

0.2438 

" 

;ec-cma 
x 106 

~~ ~~- 

-1.883 

-1.883 

L1.883 
- ~. 

-1.470 

2.283 

9.269 

.1.470 
~ 

-0.562 

.O. 562 

6.693 

.O. 562 
. ~ 

8.084 

8.084 

8.084 
. - . . -. . . . . 

P* 
x 10-0 
- .  

1.61 

0.905 

0.47 
". ~~~ 

1.37 

2.62 

1.95 

0.504 

1.543 

1.042 

2.708 

0.695 

1.043 

11.522 

0.03 
-~ 

* cc-cm 
Sec- cma-AP (ATM) 

** Pre-Test 
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TABLE 19 

PERMEABILITY  TESTING DATA POINTS FOR POST IMMERSION  TESTS 

I 
amp e 

200 Hr Samples 500 Hr Samples 1000 Hr Samples 
I  EX$^ 111-K-10 11-K-10 jIII-V-10 '11-EP-10 11-K-2 I III-V-2 I 11-EP-2 111-K-2 ' 11-K-5 1111-"-5 111-EP-5 111-K-5 

Time (1) ! I 
I 

Test  Time(2) ~ 0:OO 0:OO i O:OO 0:oo ~ 0:oo ! c:oo I 0 :oo  ! 0:oo 1 0:oo ' 0:oo 0:oo 1 0:oo 

(Brs: Min.) 1208:38  208:38 ' 41:38  168:40 : 192:OO  192:OO ~ 192:OO . 121:40 j l4b:48 146:48 146:48 ' 379:14 

Manometer ; 7.75 i 6.85 I 6.75 ' 6.75  7.60  6.80  6.67 : 6.80 ~ 7.7 : 7.0 ' 7.14 , 8.0 
Reading 

( c m )  j 7.85 6.10 ' 8.26  6.59  7.60 ~ 6.80 i 6.75 ~ 7.00 1 8.0 7.1 ~ 9.13 1 7.6 

I 

I 

Temperature 74 1 74 \ 76 1 77  77  77  78 
O F  I 79 1 79 I 75 

Pam.  1741.2 1 741.2 1 741.2 1 736.7  1740.7 1 740.7 1 740.7 1 758.8 1 745.0 1 745.0 1 745.0 1 747.4 
(mm Hg) 

745.0  745.0 736.7  7U5.0  754.2  754.2  754.2  749.5  748.8  748.8  748.8  751.8 

(1) Key for sample   des igna t ion .  
II....... Exposure t o  K,COS s o l u t i o n  . see Table  1 for gas  composition 
III...... Exposure t o  HpSOu s o l u t i o n  . see Table  1 for gas  composition 
K.... .... KEL-F 
V. ....... Viton 
EP....... Ethylene  Propylene 
2,  5 6 10   r ep resen t  200, 500 & 1000 hour  exposure test d u r a t i o n s  
Example: II-K-~; KEL-F sample   subjec ted  t o  Exposure I1 c o n d i t i o n s  for 200 hours. 

( 2 )  Durat ion of pe rmeab i l i t y   obse rva t ion  test. 



TABLE 20 

PRE TEST  COMPRESSIBILITY MEASUREMENTS 4 CALCULATIONS 

FOR GASKET MATERIAL SAMPLES 

Sample No. 
( E l e c t r o l y t e )  

Kel-F 

V i t o n  

E t h y l e n e  
P ropy lene  

P 

0.1301 

0.1375 

0.1344 

0.1298 

0.1273 

0.1258 

0.1404 

0.1386 

0.1273 

P-M 

0.0580 

0.0620 

0.0700 

0.0199 

0.0159 

0.0172 
- 

0.0129 

0.0117 

0.0100 

P” x 1 0 0  
P 

44.6 

45.1 

52.1 

15.3 

12.5 

13.7 
_ _ ~ ~  

9.2 

8.4 

7.9 

Average I 47.3 

1 13.8 

1 8.5 

P = t h i c k n e s s   u n d e r  pre load i n  i n c h e s .  

P-M = d i f f e r e n c e   i n   t h i c k n e s s   b e t w e e n  pre load   and  t o t a l  l o a d  
i n   i n c h e s -  

P-M X 100 - 
P = c o m p r e s s i b i l i t y . ,   p e r  c e n t  
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TABLE 2 1  

POST TEST  COMPRESSIBILITY MEASUREMENTS 6 CALCULATIONS 
FOR GASKET  MATERIAL  SAMPLES 

T e s t  
Time 
(Hrs) 

200 

200 

200 

500 

500 

500 

1000  

1000  

1000  

Viton i n  HaSOy li KEL-F i n  HoSOy 

Sample 
No. 

0.1300 111-V-2-c 

0.1221  111-V-2-b 

0.1190  111-V-2-a 

P 

111-V-5-a  0.1228 

111-V-5-b 

0.1200  111-v-5-c 

0.1275 

111-V-10-a 0.1211 

111-V-10-b 

0.1265 111-V-10-c 

0.1240 

P-M X 1 0 0  1 I/ sample  
P-M 1 P I Average !: No. 

I 
I I 

I 

0.0095 ! 1: 111-K-2-a 

0.0122 

0.0132 

0.0110 

0.0122 

0.0121 

0.0117 

0.0121 

0.0163 

1 
I 

9.4 / /  111-X-2-b 
‘I 

10.2  1111-K-2-c 

, 
9.0 ’/ 111-K-5-a 

111-X-5-b 

10- 1 111-K-5-c 

9.7 

10.8 

9.8 1 111-K-10-a 

111-K-10-c 1 2 - 9  

111-K-10-b 

I ‘ , -  P-M x 100 
7- 

P Average 

0.1329  10-0170 
! 

13.5 

13.8 ’ /, 1 3 . 5  

13.2 

17.7 

12.8 

14.2 

I. 9 

11.4 

13.2 

13.2 1 1 2 . 6  

I 



TABLE 22 

POST TEST COMPRESSIBILITY MEASUREMENTS & CALCULATIONS 
FOR GASKET MATERIAL  SAMPLES 

KEL-F- i n  K2CO3 E l e c t r o l y t e   E t h y l e n e   P r o p y l e n e  i n  K2CO3 

T e s t  
Time 

P-M P No. ( U s )  
Sample 

200  0.0348  0.1346 11-X-2-a 

200 

0.1349  10.0273 
11-K-2-c  200 

0.0220  0.1312  11-K-2-b 

P-M X 1 0 0  - I sample P 

2 5 - 9  1 
Average No. 

11-EP-2-a 

16.8 

11-EP-2-c  20.2 

, I I -EP-2-b 2 1  
I 

P 

0.1257 

0.1410 

0.1300 

P-M 

0.0106 

0.0182 

0.0160 

P-M x 100 

8.4 

12 .9  1 11.1 

11 .9  , 
~~1 1 1 I 

500 111-K-5-a 0.1343 j 0.0292  21.7 
I' 

; j  11-EP-5-a 

500  III-K-5-b  10.1382 : 0.0271  19.6 

0.1397 

500 j 11-K-5-c j 0.1283 ' 0.0280 I 21.8 ' ,, 

21.1  "11-XP-5-b  10.1420 
~ 

I I '!II-EP-5-c  10.1348 

0.0105 

0.0161 ~ 11.3 10 .3  

0.0162 I 12.0 1 I 
j I I 

1 0 0 0  i 11-X-10-a ! 0.1281 ' 0.0178  13.9 j 1 iII-EP-10-a :0.1405 ~ 0.0124 j 8.8 

1000  '11-K-10-b  [0 .1339  0 .0201 ~ 15.0 I 16.2  , /II-EP-10-b  0.1253  0.0138  11.0 

1 0 0 0  111-X-10-c , 0 .1360   10 .0268   19 -7  
I 

I 

; 'E-EP-10-c  ,0 .1282  10.0132 i 10 .3  1 i ', \ 10 .0  
! !I 1 1 
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